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INTRODUCTION 


The  recent  discovery  of  a  single  nucleotide  polymorphism  (SNP)  in  the  mdm2  promoter 
uncovered  a  previously  unknown  role  of  this  SNP  in  predicting  early  onset  of  breast  and  the 
possibility  that  this  germ  line  variation  could  decrease  the  effectiveness  of  treatment.  These 
outcomes  are  likely  due  to  the  increased  expression  of  mdm2  protein  in  SNP309  individuals, 
which  blunts  the  p53-mediated  apoptotic  response  to  DNA  damage.  The  objective  of  this 
proposal  is  to  test  the  hypothesis  that  SNP309  decreases  the  effectiveness  of  radiation  and 
chemotherapy  in  breast  cancer  patients  and  that  this  negative  impact  can  be  overcome  by 
targeted  down-regulation  of  mdm2.  The  rationale  in  support  of  these  objectives  are  molecular 
epidemiological  data  showing  that  individuals  harboring  SNP309  are  at  increased  risk  for  early 
onset  breast  cancer,  and  laboratory  studies  showing  that  SNP309  decreases  the  activity  of  DNA 
damaging  agents.  If  we  are  to  achieve  better  results  of  treatment  for  patients  with  breast  cancer, 
the  choice  of  treatment  must  eventually  benefit  from  a  more  precise  understanding  of  the  genetic 
abnormalities  that  are  present  in  each  individual’s  tumor.  Using  the  same  dose  of  drug  or  amount 
of  radiation  for  each  breast  cancer  patient  cannot  possibly  be  consistent  with  our  understanding 
of  modern  molecular  medicine.  For  example,  subtle  variations  in  our  genetic  code  (called  single 
nucleotide  polymorphisms,  [SNPs  “snips”])  exist  in  the  human  population  and  make  us 
susceptible  to  certain  diseases  and  resistant  to  others.  Similarly,  these  polymorphisms  can  make 
us  more  or  less  sensitive  to  treatment.  Since  these  polymorphisms  exist  both  in  breast  cancer  and 
in  normal  tissues,  understanding  their  impact  on  both  the  patient  and  the  tumor  will  eventually 
guide  the  choice  and  dose  of  drug  and  amount  of  irradiation.  Therefore,  our  objective  is  to 
improve  the  ways  in  which  patients  with  breast  cancer  are  evaluated  and  treated  through  an 
understanding  of  subtle  variations  in  the  human  genome.  The  proposal  brings  together  a  team  of 
molecular  biologists/epidemiologists,  pharmacologists,  radiation  and  medical  oncologists,  and 
statisticians  to  focus  on  this  novel  approach  to  breast  cancer  treatment. 


BODY 

Task  1.  Determine  the  impact  of  mdm2  SNP309  on  the  results  of  breast  irradiation. 

Updating  and  assuring  complete  clinical  data  has  been  ongoing.  Paperwork  for  IRB  in 
accordance  with  recommendations  from  the  IRB  at  CINJ  and  the  human  investigations 
committees  of  the  DOD  was  completed  and  IRB-approval  obtained.  Patient  accrual  was  initiated 
through  the  Radiation  Oncology  Clinics. 

We  have  completed  analysis  of  mdm2  on  the  cohort  of  patients  whom  we  have  long  term  follow¬ 
up.  We  confirmed  an  association  of  SNP309  with  young  patient  age  in  the  population  of  over 
250  patients  previously  treated  with  long-term  follow-up.  While  all  patients  in  the  previously 
treated  database  were  in  a  younger  age  group,  a  larger  percentage  of  patients  of  the  GG  genotype 
were  under  age  40  compared  to  the  TT/TG  genotypes  (65%  vs  35%,  p  <  0.01).  We  also  found  a 
correlation  with  race,  with  few  African  American  patients  having  the  GG  homozygous  genotype 
at  SNP309.  There  were  no  other  strong  correlations  between  the  SNP309  status  and  clinical- 
pathologic  variables  such  as  histology,  ER  status,  Her2  status,  nodal  status,  T-stage,  family 
history.  There  did  not  appear  to  be  strong  correlations  with  local-regional  outcome  in  this 
dataset.  There  appears  to  be  a  trend  toward  excess  contralateral  events  with  a  10-year  event  rate 
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of  9%  in  the  TT/TG  subset  compared  to  over  20%  in  GG  carriers.  In  addition,  in  this  data  set 
there  was  a  difference  in  distant  metastasis  in  the  GG  subtypes,  with  the  10  year  rate  of  distant 
metastasis-free  survival  89%  in  the  TT/TG  subset  compared  to  76%  in  the  GG  subtype  (p  =0.04). 
This  will  be  further  explored  in  multivariate  analysis.  There  were  no  clear  differences  in  local 
control.  Although  further  exploratory  subset  analyses  were  performed  to  determine  if  there  are 
subsets  within  this  cohort  with  higher  local  relapse  rates,  inadequate  sample  size  resulted  in  no 
other  significant  associations  on  subset  analysis  (defined  as  p<0.05). 

Immunohistochemical  Analysis  of  MDM2 

Cells  suffering  DNA  damage  ultimately  progress  through  apoptotic  pathways,  in  which  p53 
plays  a  central  role.  Murine  double  minute  2  (MDM2)  and  its  related  ortholog  MDM4,  are 
involved  in  the  negative  regulation  of  p53  including  ubiquitin-mediated  targeting  of  p53  for 
proteolytic  degradation  and  transcriptional  activity.  Moreover,  MDM2  is  induced  by  p53  thus 
creating  a  negative  feedback  loop  (Wu,  1993;  Barak,  1993;  Kussie,  1996;  Lin,  1994;  Freedman, 
1999).  Apart  from  its  p53  ubiquitination  function,  MDM2  has  other  functions  including  nuclear- 
cytoplasmic  shuttling  of  p53  and  prominent  interactions  with  various  ribosomal  proteins  (Roth, 
1998;  Marechal,  1994).  MDM4  has  similar  structure  and  function  to  MDM2;  however,  it  can  be 
degraded  by  MDM2  (Shvarts,  1997;  Shvarts,  1996;  Okamoto,  2005).  Appropriate  expression  of 
p53  propels  cells  down  apoptotic  pathways,  but  this  progression  may  be  counteracted  by 
overexpression  of  MDM2/MDM4  and  subsequent  degradation  of  p53.  It  follows  that 
dysregulation  of  p53  by  MDM2/MDM4  could  potentially  cause  radiation  resistance  through 
inability  of  the  cell  to  undergo  p53-mediated  apoptosis. 

Several  studies  have  reported  the  significance  of  MDM2  in  cancers  of  the  prostate,  breast  and 
ovary  (Marchetti,  1995;  Marchetti,  1995;  McCann,  1995;  Khor,  2005).  In  breast  cancer,  MDM2 
has  been  extensively  studied  as  prognostic  marker  for  overall  and  disease  specific  survival.  Over 
expression  of  MDM2  has  found  to  be  associated  with  worse  breast  cancer  specific  survival  and 
has  been  demonstrated  to  have  a  role  in  enhancing  estrogen  receptor  alpha  (ERa)  mediated  gene 
expression  and  altering  ERa  stability  (Kim,  2011;  Turbin,  2006;  Marchetti,  1995;  Duong,  2007). 
However,  the  significance  of  MDM2  on  local  recurrence  of  breast  cancer  has  not  been 
adequately  explored  with  most  reports  focusing  on  either  recurrence-free  survival  or  overall 
survival  (Khor,  2005).  Specifically,  there  have  been  no  reports  assessing  the  significance  of 
MDM2  on  local  recurrence  in  early  stage  breast  cancer  treated  with  BCS  +  RT.  Additionally, 
relatively  little  is  known  regarding  the  effects  of  over/under  expression  of  MDM4  and  p53  on 
local  recurrence. 

Because  MDM2  SNP309  correlates  with  expression  of  mdm2  (Bond,  2005),  we  also  explored 
whether  mdm2  expression  correlated  with  in-breast,  regional  (lymph  node),  and  distant 
recurrence  of  breast  cancer  in  women  treated  for  early  stage  breast  cancer.  MDM4,  another 
negative  regulator  of  p53,  and  p53  itself  were  also  evaluated  for  prognostic  value  in  this  cohort. 
This  analysis  was  limited  as  germline  DNA  from  peripheral  blood  was  not  available  genotyping. 
Genotyping  was  not  performed  on  tumor  tissue  as  patient  tissue  did  not  have  consent  for  such 
analysis.  Breast  cancer  tissue  cores  were  compiled  into  a  tissue  microarray  (TMA),  n=514,  that 
was  evaluated  for  MDM2,  MDM4,  p53.  All  patients  had  histological  evidence  of  invasive  breast 
carcinoma  with  early  stage  (I/II)  disease  and  were  treated  with  breast  conserving  surgery  and 
radiation.  The  size  of  the  primary  tumor  was  considered  to  be  the  largest  tumor  diameter  reported 
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by  the  pathologist  after  surgical  excision.  Margin  status  was  defined  as  positive  if  tumor  cells 
were  present  on  the  most  peripheral  slide  of  the  tumor.  Following  surgery,  patients  received 
standard  whole  breast  irradiation  to  a  total  median  dose  to  the  breast  of  48  Gy  and  a  total  tumor 
bed  dose  of  64  Gy;  regional  nodes  were  treated  to  a  median  dose  of  46  Gy,  as  clinically 
indicated.  Adjuvant  systemic  chemotherapy  and/or  adjuvant  hormone  therapy  was  administered 
as  clinically  indicated  in  accordance  with  standard  practices  during  this  time  interval.  Local 
recurrence  was  defined  as  clinically  and  biopsy-proven  relapse  in  the  ipsilateral  breast.  Ipsilateral 
breast  recurrence  free  time  was  defined  from  the  time  of  initial  diagnosis  to  ipsilateral  breast 
tumor  relapse;  nodal  relapse  free  time  was  defined  as  the  time  from  initial  diagnosis  to  the  time 
of  biopsy  proven  nodal  relapse;  locoregional  recurrence  free  time  was  defined  as  time  from 
initial  diagnosis  to  either  ipsilateral  breast  recurrence  or  nodal  recurrence.  Descriptive  statistics 
comparing  MDM2  expression  with  conventional  markers  of  tumor  aggressiveness  were  analyzed 
by  standard  chi-squared  tests,  or,  when  appropriate,  Fisher’s  exact  test.  Estimates  of  disease-free 
survival  were  calculated  by  the  Kaplan-Meier  product-limit  method  and  the  differences  were 
assessed  by  the  log-rank  test.  Probabilities  of  survival  were  calculated  from  the  date  of  breast 
cancer  diagnosis  to  either  the  date  at  which  relapse  was  clinically  identified  or  the  date  of  last 
contact.  The  staining  profile  of  each  tumor  was  correlated  with  ipsilateral  breast  recurrence 
survival  (IBRFS),  nodal  recurrence  free  survival  (NRFS)  and  loco-regional  recurrence  free 
survival  (LRFS).  The  associations  between  staining  and  outcomes  were  assessed  in  a 
multivariate  model.  Univariate  and  multivariate  survival  analysis  was  carried  out  using  Cox’s 
proportional  hazard  regression  model.  Multivariate  analysis  was  used  to  assess  the  independent 
contribution  of  each  variable  to  survival.  A  computer  program  package  SAS  (Version  9.2,  SAS 
Institute,  Cary,  NC)  was  used  for  all  statistical  testing  and  management  of  the  database. 

Results:  Results  are  depicted  in  the  appendix:  Neboori  et  al.,  submitted  to  Breast  Journal,  under 
review.  Note  that  this  manuscript  was  originally  submitted  to  the  journal  Cancer  but  despite  the 
favorable  initial  review  (attached  with  our  response  to  reviewer)  was  then  rejected.  The  median 
follow  up  of  the  cohort  was  7.23  years.  Positive  scoring  of  MDM2  was  correlated  with  worse  10 
year  IBRFS  (75.0%  v.  90.0%;  p= 0.032)  by  Kaplan-Meier  analysis.  Neither  MDM4  nor  p53 
correlated  with  any  endpoints.  Combinations  of  markers  did  not  enhance  prognostic  value.  On 
multivariate  analysis  incorporating  MDM2,  tumor  size,  margin  status  and  nodal  status,  MDM2 
was  significant  for  IBRFS  (p= 0.0009).  As  MDM2  is  an  estrogen-responsive  gene,  its  prognostic 
value  was  assessed  on  ER+  and  ER-  subsets.  MDM2  was  found  to  be  predictive  of  local 
recurrence  only  in  the  ER+  subset  on  multivariate  analysis  for  IBFRS  (p=0.0037).  Our  data 
indicate  that  MDM2  is  an  independent  predictor  for  local  recurrence  in  conservatively  treated, 
early  stage  breast  cancer,  suggesting  its  possible  use  as  a  prognostic  marker. 

In  this  study,  we  showed  that  MDM2  overexpression  is  associated  with  significantly  worse  local 
recurrence  in  stage  I  and  stage  II  invasive  breast  cancer  treated  with  BCS+RT  as  defined  by 
ipsilateral  breast  recurrence  free  survival  (IBRFS)  and  loco-regional  recurrence  free  survival 
(LRFS).  When  examining  MDM4  and  p53  expression  however,  we  were  not  able  to  appreciate  a 
similar  prognostic  value.  Lastly,  as  MDM2  expression  has  been  linked  to  active  ERa  signaling, 
(Kim,  2011;  Marchetti,  1995)  we  sought  to  determine  if  the  prognostic  significance  of  MDM2 
was  associated  with  this  subset.  The  fact  that  MDM2  was  only  found  to  have  predictive  value  in 
the  ER+  subset  may  be  explained  by  higher  biologic  activity  of  MDM2  in  estrogen  responsive 
tumors.  Numerous  studies  have  identified  associations  between  MDM2  and  ERa  expression  in 
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breast  tissue  and  breast  cancer  cell  lines  [Hori,  2002;  Sheikh,  1993;  Marchetti,  1995].  In  vitro 
data  have  demonstrated  that  MDM2  is  an  estrogen-responsive  gene  through  action  of  activated 
ERa  on  the  estrogen  response  element  in  the  first  intron  of  MDM2  (Hu,  2007;  Brekman,  2011; 
Okumura,  2002;  Phelps,  2003).  Furthermore,  data  support  two  separate  interactions  between 
MDM2  and  estrogen  receptor  signaling.  Duong  et  al.  (Duong,  2007)  demonstrate  that  MDM2 
plays  a  role  in  ERa  turnover  through  its  ubiquitin-ligase  activity  and  targeted  ERa  degradation 
and  down-regulation.  In  contrast  to  these  findings,  Kim  et  al.  (Kim,  2011)  demonstrated  MDM2- 
enhanced  ERa-mediated  transactivation  in  the  presence  of  wildtype  p53.  Both  studies  however 
emphasize  protein-protein  interactions  between  MDM2  and  ERa  leading  to  these  functional 
responses. 

These  findings  suggest  that  while  both  MDM4  and  MDM2  are  involved  in  the  negative 
regulation  of  p53  and  subsequent  arrest  of  apoptosis,  only  MDM2  protein  expression  may  have 
prognostic  value  in  determining  local  outcomes  in  early  stage  breast  cancer  treated  with 
BCS+RT.  These  results  add  to  a  growing  body  of  evidence  demonstrating  that  increased 
expression  of  MDM2  has  negative  prognostic  value  for  various  endpoints  in  multiple  tumor 
types  (Bueso-Ramos,  1996;  Khor,  2005;  Kim,  2011;  Marchetti,  1995;Marchetti,  1995;  McCann, 
1995;  Turbin,  2006;  Lukas,  2001).  The  prognostic  value  of  MDM2  found  to  be  independent  of 
MDM4  and  p53  status  of  the  tumor  cores.  Additionally,  it  should  be  noted  that  MDM2  was 
found  to  be  an  independent  predictor  for  local  outcomes  in  early  stage  breast  cancer  regardless  of 
patients  having  received  chemotherapy  or  hormone  therapy. 

Interestingly,  there  is  a  correlation  between  MDM2  expression  and  Her2  phenotype,  i.e.  higher 
expression  of  MDM2  was  more  common  in  Her2  overexpressors  (Table  1).  Nearly  an  equal 
number  of  tumors  stained  positive  for  Her2  as  were  positive  for  p53.  P53  expression,  normally 
low  in  the  absence  of  cell  stress,  is  thought  to  increase  in  the  presence  of  p53  mutation  due  to 
resultant  stabilization  of  the  dysfunctional  protein.  P53  mutations  are  more  common  in  Her2 
overexpressing  breast  tumors.  At  least  one  study  has  identified  a  relationship  between  Her2 
expression  with  MDM2  expression  (Casalini,  2001).  However,  in  that  study,  MDM2  is 
downregulated  in  the  presence  of  wild  type  p53.  Therefore,  the  association  observed  in  this 
dataset  may,  in  part,  reflect  the  p53-Her2  pathway  interaction.  This  dataset  though,  does  not  have 
sufficient  information  to  validate  this  hypothesis. 

To  our  knowledge  this  is  the  first  study  assessing  the  significance  of  protein  expression  of 
MDM2,  MDM4  and  p53  for  local  recurrence  in  conservatively  treated,  early  stage  breast  cancer. 
This  cohort  demonstrated  that  increased  expression  of  MDM2  correlated  with  reduced  ipsilateral 
breast  recurrence  free  survival,  and  worse  locoregional  relapse  free  survival  in  early  stage  breast 
cancer  treated  with  breast  conserving  surgery  and  radiotherapy.  Moreover,  on  subset  analysis,  it 
was  found  that  MDM2  was  only  found  to  have  prognostic  value  in  the  ER  +  subset  alluding  to 
the  importance  of  this  protein  in  ER+  breast  cancer.  These  results  add  to  the  growing  body  of 
evidence  assessing  the  prognostic  value  of  MDM2  expression,  and  its  potential  as  a  therapeutic 
target  in  combination  with  radiation  therapy.  If  confirmed  in  larger  studies,  these  results  can  have 
significant  clinical  implications.  However,  further  studies  are  needed  to  assess  its  importance  in 
regional  recurrence,  and  of  MDM4  and  combinations  of  other  markers  in  prognosis. 

Task  2.  Determine  the  impact  of  mdm2  SNP309  on  the  results  of  adjuvant  chemotherapy. 
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A  total  of  3462  women  have  been  consented  for  participation  in  the  parent  study  protocol  as  of 
May  12,  2012  (CINJ  Protocol  #040406,  IRB#  0220044862).  Of  these,  genomic  DNA  has  been 
isolated  from  2,400  patients  and  1,319  with  completed  chart  reviews  and  study  follow-up.  The 
information  contained  in  Table  1  reflects  data  available  from  chart  review  and  patient-completed 
questionnaires  for  study  participants  (this  chart  review  was  completed  as  of  December  15,  2011). 

The  timing  of  recurrence  is  an  important  variable  in  this  dataset  since  the  median  follow-up  time 
is  7.66  years.  Of  192  recurrences,  however,  79.9%  occur  by  the  end  of  5  years  (Table  2).  The 
majority  of  recurrences  beyond  five  years  reflect  estrogen  receptor  positive  disease. 

The  nature  of  recurrence  reflects  the  initial  stage,  molecular  features,  and  type  of  adjuvant 
therapy.  Table  3  depicts  the  distribution  of  adjuvant  therapies  delivered  in  this  cohort  of  breast 
cancer  patients.  The  majority  of  patients  received  radiation,  chemotherapy,  and/or  hormonal 
therapy.  Only  about  12%  of  patients  received  trastuzumab. 

We  used  this  cohort  to  determine  the  genotype- specific  recurrence  free  survival  for  the 
following:  1)  hormone  receptor  positive  and  hormone  receptor  negative  breast  cancers;  2) 
hormone  receptor  positive  breast  cancer  patients  receiving  hormonal  therapy  alone;  2)  breast 
cancer  patients  receiving  chemotherapy  only  (hormone  receptor  positive  and  negative  disease); 
3)  breast  cancer  patients  receiving  chemotherapy  followed  by  hormonal  therapy  (hormone 
receptor  positive  only). 

Breast  Cancer  Recurrence  as  a  Function  of  Receptor  Status,  MDM2  SNP309  Genotype,  and 
Adjuvant  Therapy.  Of  192  recurrences  with  known  genotypes,  more  than  50%  were  in  estrogen 
receptor  negative  (ER-)  breast  cancers,  as  expected.  In  estrogen  receptor  negative  breast  cancer, 
the  recurrence  rate  was  29.8%  as  compared  to  16.8%  in  estrogen  receptor  positive  (ER+)  disease. 
There  is  no  significant  difference  in  risk  of  recurrence  by  genotype  for  either  estrogen  receptor 
positive  or  estrogen  receptor  negative  breast  cancers  (Table  4).  For  ER-  disease  risk  of  GG  vs. 
TT  genotype,  OR  1.11  Cl  [0.619-1.993],  p=0.445.  For  ER+  disease,  OR  for  recurrence  for  GG 
as  compared  with  TT  was  1.18  Cl  [0.701-1.98],  p=0.323.  The  frequency  of  recurrence  for  GG 
ER-  is  19%  and  for  ER+  is  18%  are  similar. 

Because  of  the  lack  of  targeted  therapy  for  hormone  receptor  negative  disease,  its  more 
aggressive  behavior  and  propensity  to  recur,  the  majority  of  patients  with  hormone  receptor 
negative  disease  received  chemotherapy  and  we  could  not  perform  analysis  due  to  inadequate 
numbers  for  patients  with  ER-  tumors  not  receiving  chemotherapy.  However,  in  ER+  patients 
receiving  chemotherapy,  there  was  no  association  between  carrying  the  G  allele  or  GG  genotype 
and  risk  of  recurrence  with  receipt  of  chemotherapy  (data  not  shown). 

Association  ofMDM2  SNP309  with  Recurrence  of  Early  Stage  Breast  Cancer 
Because  stage  III  disease  has  the  highest  risk  of  recurrence  due  to  its  advanced  nature,  early 
stage  disease  was  then  analyzed  separately.  This  included  stage  0  through  stage  IIB  disease. 
Again,  there  is  an  insignificant  enrichment  of  the  G  allele  in  recurrent  ER+  disease  with  hormone 
therapy.  Overall,  recurrence  rates  were  similar  between  ER-  disease  and  ER+  disease  by 
genotype  (Table  5).  This  finding  is  significant  because  hormone  receptor  positive  disease  has  a 
better  prognosis  than  hormone  receptor  negative  disease  in  general. 
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Site-Specific  Recurrence  as  a  Function  of  MDM2  SNP309 

We  analyzed  the  site  of  recurrence  for  stages  O-III  breast  cancer  as  a  function  of  MDM2 
genotype.  There  were  few  cases  where  recurrences  were  multiple  sites  including  local,  regional, 
and  distant  loci  (n=ll).  Therefore,  most  recurrences  were  either  local/regional  (n=70)  or  distant 
only  (n=90).  G  allele  carriers  were  more  likely  to  have  a  pattern  of  distant  recurrence  as 
compared  to  local/regional  recurrence:  OR  2.06  Cl  [1.06-4.01],  p=0.043.  This  suggests  that 
MDM2  may  play  a  role  in  biologic  behavior  of  breast  cancer,  making  metastasis  more  likely,  but 
does  not  reflect  response  to  specific  therapies. 

Risk  of  New  Malignancy  in  Breast  Cancer  Patients  as  a  Function  ofMDM2  SNP309 
A  significant  number  of  patients  with  breast  cancer  are  diagnosed  with  either  a  second  breast 
cancer  or  cancer  at  another  site.  Therefore,  we  evaluated  MM2  SNP309  for  its  association  with 
risk  of  developing  second  malignancies.  Analysis  was  performed  comparing  TT  vs.  G  allele. 
Patients  carrying  the  G  allele  were  more  likely  to  develop  a  second  breast  cancer  OR  1.75 
[0.893-3.4].  However,  this  only  represented  a  trend  (p=0.09].  There  was  no  statistically 
significant  risk  for  any  other  site  of  malignancy  and  MDM2  SNP309  genotype. 

Combinatorial  Analysis  of  MDM2  SNP309  with  MDM4  Genotypes 

Because  we  had  previously  shown  that  the  variant  G  allele  of  MDM2  SNP309  associates  with 
earlier  age  of  diagnosis  of  ductal  breast  cancers  (Bond  and  Hirshfield  et  al.,  2006)  and  more 
recently  demonstrated  in  the  same  population  that  the  variant  T  allele  of  MDM4  also  results  in 
earlier  age  of  diagnosis  of  ductal  breast  cancers  (appendix:  Kulkarni  et  al.,  2009),  we  asked 
whether  the  combination  of  each  risk  allele  would  further  modify  the  age  at  diagnosis  of  ductal 
breast  cancers.  The  combination  of  the  risk  genotypes  of  MDM4  with  MDM2  results  in  the 
earliest  onset  of  estrogen  receptor  negative  breast  cancer.  The  mean  age  of  diagnosis  for 
MDM4/MDM2  combinations  were  41.9  and  50.8  for  TT/TG  and  CC/TG,  respectively  (A=8.9 
years;  p=0.0099).  There  were  insufficient  numbers  to  compare  homozygous  variants  for  both 
MDM4  and  MDM2  with  the  combination  wildtype.  There  was  only  one  TT/GG  combination, 
diagnosed  at  age  42.  In  contrast,  in  estrogen  receptor  positive  breast  cancer,  the  MDM4  risk 
allele  appears  to  negate  the  previously-observed  earlier  onset  of  the  MDM2  SNP309  G  allele. 
For  example,  when  MDM4  was  homozygous  wildtype,  there  was  a  1.8  year  difference  in  age  of 
onset  where  the  GG  combination  was  diagnosed  earlier.  When  the  MDM4  homozygous  variant 
TT  was  combined  with  MDM2  SNP309,  the  age  of  diagnosis  was  54.2  years  and  51.9  years  for 
the  TT/TT  and  TT/TG  combined  genotypes.  Although  the  combined  TT/GG  variants  showed  an 
age  of  diagnosis  of  64  years,  there  were  only  3  cases,  underpowering  this  comparison. 

Mdm2  is  a  protein  that  is  highly  regulated  and  has  function  that  is  highly  coordinated  with  other 
proteins  participating  in  the  p53  stress  response  pathway.  The  importance  of  this  regulation  is 
that  dysregulation  of  any  member,  e.g.  as  may  occur  due  to  presence  of  SNPs  through  any 
number  of  mechanisms,  can  weaken  the  tumor  surveillance  system.  As  such,  we  evaluated  SNPs 
in  other  genes  within  the  p53  pathway.  We  have  already  alluded  to  mdm2.  However,  our  analysis 
extended  to  the  following  co-regulated  genes:  mdm4,  p53,  tp53bpl,  ppp2r2b,  tscl,  tsc2,  perp. 

PERP  (appendix,  manuscript  submitted  to  .ICO.  Kulkarni  etal .): 
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Purpose:  A  single  nucleotide  polymorphism  (SNP)  in  PERP  (rs2484067,  G>A)  has  been 
associated  with  apoptotic  efficiency  of  lymphoblastoid  cell  lines  (LCLs)  after  gamma  irradiation. 
Therefore,  this  SNP  may  be  important  in  clinical  outcomes  of  cancer.  In  this  study,  the 
association  of  this  SNP  with  breast  cancer  recurrence  was  evaluated  in  conjunction  with  other 
prognostic  factors. 

Patients  and  Methods:  Genotyping  was  performed  on  patient  blood  DNA  and  genotypes  were 
linked  with  annotated  clinical  information.  Recurrence  analysis  was  limited  to  Caucasian  cases 
(n=790)  from  a  cohort  of  1020  patients. 

Results:  Homozygous  perp  SNP  genotypes  had  a  similar  distribution  among  Caucasian  cases 
(AA:  25%;  GG:  26%).  The  AA  genotype  was  found  to  be  an  independent  predictor  of 
recurrence-free  survival  (RFS,  hazard  ratio  [HR]:  1.9,  95%  Cl:  1.4-2. 7,  p=0.001)  in  Cox 
proportional  hazards  survival  analysis,  with  AG  and  GG  carriers  having  similar  and  more 
favorable  RFS.  The  effect  of  AA  genotype  on  RFS  was  more  pronounced  in  patients  receiving 
breast-conserving  surgery  followed  by  radiation  (HR  for  AA  vs.  AG+GG:  2.23,  95%  Cl  1.29- 
3.83,  p=0.0037),  patients  diagnosed  at  or  above  51  years  of  age  (10  year  RFS  rates  AA  55%, 
AG+GG  79%;  p<0.0001)  or  patients  with  stage  III  disease  (HR:  2.5,  95%  Cl  1.26-4.95, 
p=0.009).  AA  genotype  decreased  the  RFS  in  subgroups  of  Caucasian  cases  stratified  by 
hormone  receptor  status,  HER2  status,  and  whether  they  received  chemotherapy. 

Conclusion:  PERP  SNP  rs2484067  may  be  a  novel  independent  predictor  of  breast  cancer 
prognosis  and  might  be  used  as  a  tool  to  optimize  treatment  strategies. 

P53  (abstract  Rahim  et  al. ,  2008): 

Purpose:  The  tumor  suppressor  p53  regulates  a  variety  of  cell  responses  to  stress  signals. 
Alteration  of  p53  function  is  associated  with  tumorigenesis  and  may  be  related  to  mutation, 
FOH,  or  polymorphisms.  The  two  variant  alleles  of  the  p53  codon  72  arginine/proline  single 
nucleotide  polymorphism  (SNP)  possess  differential  apoptotic  and  DNA  repair  abilities.  The 
clinical  relevance  of  these  differences  was  evaluated  through  a  genetic  association  study  to 
determine  its  relevance  in  breast  cancer. 

Patients/Methods:  DNA  isolated  from  whole  blood  samples  of  breast  cancer  patients  via  a  spin 
column  method,  were  evaluated  with  a  5’  nucleotidase-based  assay  on  the  ABI  Prism  Sequence 
Detection  System.  Genotypes  for  p53  codon  72  were  then  linked  to  clinical  information.  All 
genotypes  were  in  Hardy  Weinberg  equilibrium.  To  reduce  population  heterogeneity,  we  focused 
on  Caucasians  with  invasive  ductal  carcinoma.  Sub-group  analysis  was  performed  by  stratifying 
the  Caucasians  based  on  clinical  phenotypes  and  molecular  characteristics. 

Results:  A  significant  mean  earlier  age  of  onset  was  found  for  individuals  homozygous  for  the 
arginine  allele  (GG)  when  compared  to  other  genotypes  (GC,  CC)  in  estrogen  receptor  (ER) 
negative  invasive  ductal  carcinomas  (p<0.02).  The  mean  age  of  diagnosis  was  45.5  years  versus 
51.0  years  of  age  respectively.  The  frequency  of  the  arginine  homozygous  genotype  was 
enriched  in  premenopausal  women  with  breast  cancer  (72%  vs.  49%).  No  difference  was 
detected  in  estrogen  receptor  positive  individuals. 

Conclusion:  P53  codon  72  could  have  particular  relevance  for  assessing  the  risk  of  pre¬ 
menopausal  women  developing  ER  negative  invasive  ductal  carcinoma.  While  arginine 
homozygotes  have  better  apoptotic  efficiency,  a  reduced  DNA  repair  may  result  in  genomic 
instability  and  somatic  mutations  as  compared  with  proline  homozygotes. 

MDM4  (appendix,  Kulkarni  et  al 2009): 
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Purpose:  Murine  double  minute  4  (MDM4)  shares  significant  structural  homology  with  murine 
double  minute  2  (MDM2)  and  interacts  and  regulates  transcriptional  activity  of  the  tumor 
suppressor  p53.  In  tumors  with  wild-type  p53,  there  is  often  overexpression  of  MDM2  or  MDM4 
leading  to  functional  inactivation  of  p53.  A  single-nucleotide  polymorphism  (SNP)  in  the 
promoter  of  human  MDM2  (SNP309)  was  shown  to  associate  with  increased  MDM2  expression 
and  increased  risk  of  cancer.  This  study  evaluated  the  association  of  a  SNP  in  human  MDM4 
(C>T)  with  age  of  onset  of  breast  cancer  in  two  independent  cohorts. 

Materials/Results:  In  cohort  1  of  675  patients,  the  average  age  of  diagnosis  for  women  with 
estrogen  receptor  (ER)-positive  and  ER-negative  breast  cancers  was  53.2  and  48  years, 
respectively.  In  this  cohort,  homozygous  variant  (TT)  carriers  developed  ER-negative 
carcinomas  at  an  earlier  age  than  homozygous  wild-type  (CC)  or  heterozygous  (TC)  such  that  the 
age  at  diagnosis  was  accelerated  by  5.0  years  (P  =  0.018).  This  association  was  validated  in  a 
second  cohort  of  breast  cancer  patients  (n  =  148),  where  TT  carriers  with  ER-negative  cancer 
developed  the  disease  3.8  years  earlier  than  CC  carriers  (P  =  0.006).  The  effect  was  more 
pronounced  in  Caucasians  with  ER-negative  ductal  carcinomas  with  TT  homozygotes 
developing  disease  7.5  years  (P  =  0.031)  and  6.2  years  (P  =  7  x  10(-5))  earlier  than  CC  carriers  in 
cohorts  1  and  2,  respectively.  No  association  was  seen  in  ER-positive  ductal  cancers. 

Conclusion:  The  data  support  that  the  SNP  in  MDM4  only  has  a  functional  association  in  ER- 
negative  breast  cancer. 

PPP2R2B  (appendix,  Vazquez  etal.,  2011): 

Purpose:  A  recent  candidate  gene  association  study  identified  a  single  nucleotide  polymorphism 
(SNP)  in  the  PPP2R2B  gene  (rs319217,  A/G)  that  manifests  allelic  differences  in  the  cellular 
responses  to  treatment  with  chemotherapeutic  agents  (Vazquez  et  al.,  2008).  This  gene  encodes  a 
regulatory  subunit  of  protein  phosphatase  2A  (PP2A),  one  of  the  major  Ser/Thr  phosphatases 
implicated  in  the  negative  control  of  cell  growth  and  division.  Given  the  tumor  suppressor 
activities  of  PP2A,  here  we  evaluate  whether  this  genetic  variant  associates  with  the  age  of 
diagnosis  and  recurrence  of  breast  cancer  in  women. 

Materials:  To  investigate  the  linkage  disequilibrium  in  the  vicinity  of  this  SNP,  PPP2R2B 
haplotypes  were  analyzed  using  HapMap  data  for  90  Caucasians.  It  is  found  that  the  A  variant  of 
rs319217  tags  a  haplotype  that  appears  to  be  under  positive  selection  in  the  Caucasian 
population,  implying  that  this  SNP  is  functional.  Subsequently,  associations  with  cellular 
responses  were  investigated  using  data  reported  by  the  NCI  anticancer  drug  screen  and 
associations  with  breast  cancer  clinical  variables  were  analyzed  in  a  cohort  of  819  Caucasian 
women. 

Results:  The  A  allele  associates  with  a  better  response  of  tumor  derived  cell  lines,  lower  risk  of 
breast  cancer  recurrence,  later  time  to  recurrence,  and  later  age  of  diagnosis  of  breast  cancer  in 
Caucasian  women. 

Conclusion:  Taken  together  these  results  indicate  that  the  A  variant  of  the  rs319217  SNP  is  a 
marker  of  better  prognosis  in  breast  cancer. 

TP53BP1  (appendix,  Haffty  et  al„  2011): 

Purpose:  TP53BP1  is  a  key  component  of  radiation-induced  deoxyribonucleic  acid  damage 
repair.  The  purpose  of  this  study  was  to  evaluate  the  significance  of  a  known  common  single 
nucleotide  polymorphism  in  this  gene  (rs560191)  in  patients  treated  with  breast-conserving 
surgery  and  whole -breast  irradiation  (BCS  +  RT).  Methods  and  Materials:  The  population 
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consisted  of  176  premenopausal  women  treated  with  BCS  +  RT  (median  follow-up,  12  years). 
Genomic  deoxyribonucleic  acid  was  processed  by  use  of  TaqMan  assays.  Each  allele  for 
rs560191  was  either  C  or  G,  so  each  patient  was  therefore  classified  as  CC,  CG,  or  GG.  Patients 
were  grouped  as  GG  if  they  were  homozygous  for  the  variant  G  allele  or  CC-CG  if  they  carried 
at  least  one  copy  of  the  common  C  allele  (CC  or  CG). 

Results:  Of  the  176  women,  124  (71%)  were  CC-CG  and  52  (29%)  were  GG.  The  mean  age 
was  44  years  for  GG  vs.  38  years  for  CC-CG  (p  <  0.001).  GG  was  more  common  in  African- 
American  women  than  white  women  (69%  vs.  13%,  p  <  0.001)  and  more  commonly  estrogen 
receptor  negative  (70%  vs.  49%,  p  =  0.02).  There  were  no  significant  correlations  of  rs560191 
with  other  critical  variables.  Despite  the  fact  that  GG  patients  were  older,  the  10-year  rate  of 
local  relapses  was  higher  (22%  for  GG  vs.  12%  for  CC-CG,  p  =  0.04). 

Conclusions:  This  novel  avenue  of  investigation  of  polymorphisms  in  radiation  repair/response 
genes  in  patients  treated  with  BCS  +  RT  suggests  a  correlation  to  local  relapse.  Additional 
evaluation  is  needed  to  assess  the  biological  and  functional  significance  of  these  single 
nucleotide  polymorphisms,  and  larger  confirmatory  validation  studies  will  be  required  to 
determine  the  clinical  implications. 

TSC1/TSC2  (appendix,  Mehta  etcil,  2010): 

Background:  TSC1  acts  coordinately  with  TSC2  in  a  complex  to  inhibit  mTOR,  an  emerging 
therapeutic  target  and  known  promoter  of  cell  growth  and  cell  cycle  progression.  Perturbation  of 
the  mTOR  pathway,  through  abnormal  expression  or  function  of  pathway  genes,  could  lead  to 
tumorigenesis.  TSC1  and  TSC2,  expressed  in  normal  mammary  epithelial  cells,  have  reduced 
expression  in  invasive  breast  cancer.  Mutations  in  either  TSC1  or  TSC2  cause  tuberous  sclerosis, 
a  disorder  characterized  by  hamartomas  affecting  multiple  organ  systems.  Single  nucleotide 
polymorphisms  (SNPs)  have  been  implicated  in  risk  and  age  at  diagnosis  of  breast  cancers.  Our 
laboratory  has  previously  reported  on  polymorphisms  in  p53  pathway  genes  that  associate  with 
age  at  diagnosis  of  breast  cancer  and  on  how  these  associations  depend  on  breast  cancer 
phenotypes.  Systematic  SNP  association  studies  have  yet  to  be  performed  on  TSC1.  We 
evaluated  SNPs  in  TSC1  for  their  associations  with  clinical  features  of  breast  cancer. 
Experimental  Procedure:  Eighteen  TSC1  loci  were  genotyped  in  DNA  from  healthy  volunteers 
and  a  haplotype  constructed.  SNPs  were  selected  for  further  study  using  a  bioinformatics 
approach  based  on  SNP  associations  with  drug  response  in  NCI-60  cell  lines  and  evidence  of 
selection  bias  for  haplotype  frequencies.  TaqMan  allelic  discrimination  assays  were  performed 
on  genomic  DNA  isolated  from  whole  blood  from  over  900  women,  recruited  through  CINJ 
clinics  for  four  SNPs. 

Results:  We  evaluated  four  TSC1  loci  as  potential  genetic  biomarkers  of  breast  cancer  risk  and 
outcomes:  TSC1+134802822  (SNP1),  TSC1-134765855  (SNP2),  TSC1+134760121  (SNP3)  and 
TSC1-134794556  (SNP4).  We  found  that  postmenopausal  women  who  were  TT  carriers  of 
SNP1,  had  a  7  year  later  age  at  diagnosis  of  ER+,  but  not  ER-,  ductal  carcinomas  (p=0.027).  We 
also  found  that  SNP1  may  modify  the  effect  of  BMI  on  age  at  diagnosis.  Although  high  BMI  is 
thought  to  increase  risk  for  developing  breast  cancer;  in  our  cohort,  it  is  significantly  associated 
with  a  4  year  later  age  at  diagnosis  of  breast  carcinoma.  This  effect  was  exaggerated  in  TT 
carriers  of  SNP1  whereby  TT  carriers  had  a  10.9  year  later  age  at  diagnosis  as  compared  with  CC 
carriers  (p=0.007).  None  of  the  four  TSC1  SNPs  showed  association  with  recurrence  or  other 
breast  cancer  phenotypes.  SNPs  2-4  showed  no  association  with  age  at  diagnosis. 
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Conclusions:  We  have  shown  that  TSC1  SNP1  may  have  a  functional  role  in  age  at  diagnosis  of 
ER+,  but  not  ER-,  breast  cancer  and  may  be  modified  by  BMI.  We  postulated  that  the  presence 
of  the  T  allele,  but  not  the  C  allele,  creates  a  site  for  estrogen  receptor  (ER)  to  bind  an  ERE  in 
TSC1,  resulting  in  activation  of  TSC1  transcription  and  increased  inhibition  of  mTOR. 
Modulation  of  age  of  diagnosis  by  BMI  may  be  further  enhanced  due  to  correlations  between 
BMI  with  altered  hormone  levels. 


Task  3.  Determine  the  ability  of  anti-estrogens  to  restore  drug  and  irradiation  sensitivity  by 
decreasing  mdm2  expression. 

In  the  grant  period,  we  investigated  the  effects  of  anti-estrogen  agent,  fulvestrant,  on  mdm2 
expression  and  sensitivity  of  human  breast  cancer  cells  to  chemotherapeutic  drugs.  The  results  of 
this  work  are  depicted  in  Jager  et  al.  (manuscript  in  preparation,  appendix).  However,  the 
summary  of  results  is  described  below. 

Purpose:  MDM2  is  overexpressed  in  several  human  malignancies  and  contributes  to  the 
development  of  cancer  mainly  through  the  inhibition  of  p53  tumor  suppressor  activity.  MDM2  is 
an  E3  ubiquitin  ligase  that  catalyzes  the  polyubiquitylation  of  p53,  marking  p53  for  proteasomal 
degradation.  MDM2  overexpression  is  strongly  related  to  the  presence  of  estrogen  receptor  (ER) 
as  the  MDM2  promoter  contains  an  estrogen  response  element.  We  tested  the  hypothesis  that  by 
blocking  expression  of  MDM2  with  antiestrogens,  sensitivity  to  chemotherapeutic  drugs  could 
be  restored  in  ER+  breast  cancer  cell  lines.  We  focused  on  the  antiestrogen  fulvestrant  since  it  is 
known  to  downregulate  ER  expression. 

Experimental  Design:  We  investigated  the  effects  of  fulvestrant  on  MDM2  expression  and 
sensitivity  of  the  ER+  human  breast  cancer  cell  lines  T47D  and  MCF7  to  chemotherapeutic 
drugs.  MDM2  expression  was  measured  at  protein  and  mRNA  levels  by  Western  and  qPCR. 
Cells  were  treated  with  either  fulvestrant  alone,  chemotherapy  alone,  or  in  combination. 
Chemotherapeutic  drugs  included  doxorubicin,  etoposide  or  paclitaxel.  Drug  sensitivity  assays 
(MTT  assays)  were  performed.  The  CompuSyn  computer  program  for  quantitation  of  synergism 
and  antagonism  was  used  to  determine  if  there  was  any  change  in  the  sensitivity  of  the  breast 
cancer  cells  to  these  cytotoxic  agents  with  fulvestrant. 

Results:  Fulvestrant  down-regulated  Mdm2  expression  through  increasing  the  turnover  rate  of 
this  oncoprotein  in  the  ER  positive  human  breast  cancer  cell  lines  MCF7  and  T47D.  Fulvestrant 
not  only  blocked  the  up-regulation  Mdm2  caused  by  estradiol,  but  also  decreased  Mdm2  protein 
to  the  level  below  that  seen  in  the  breast  cancer  cells  cultured  in  the  absence  of  estradiol. 
Fulvestrant  had  no  effects  on  activity  of  p53  and  level  of  MDM2  mRNA,  but  enhanced  the 
turnover  rate  of  MDM2  protein.  Combination  of  fulvestrant  with  doxorubicin,  etoposide  or 
paclitaxel  showed  a  synergistic  effect  on  these  chemotherapeutic  drugs. 

Conclusion:  This  study  demonstrates  that  fulvestrant  possesses  a  suppressive  effect  on  Mdm2 
expression  and  a  synergistic  effect  with  chemotherapeutic  drugs  in  estrogen  receptor  positive 
human  breast  cancer  cells.  These  results  provide  a  rationale  and  support  for  testing  the 
combination  of  fulvestrant  with  chemotherapy  as  a  new  therapeutic  strategy  for  patients  with 
advanced  breast  cancers. 


MDM2  SNP309  allele-specific  effects  of  genistein 
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Epidemiologic  evidence  suggests  that  genistein  intake  is  inversely  related  to  the  risk  of  several 
tumors  including  breast  cancer  but  its  mechanism  of  action  is  not  completely  understood. 
However,  conflicting  data  exists  on  the  effect  of  genistein  on  the  expression  of  the  estrogen- 
dependent  mdm2  gene.  We  hypothesized  that  if  genistein  acted  like  an  anti-estrogen,  it  could 
bind  estrogen  receptor  (ER),  preventing  binding  to  the  ERE  at  the  mdm2  promoter  and  lead  to 
down-regulation  of  mdm2  expression.  For  those  cells  in  which  SNP309  is  present,  we 
anticipated  even  stronger  effects.  To  explore  this,  we  grew  breast  cancer  cells  under  conditions 
of  no  estrogen  (PF),  normal  media  (N),  with  estradiol  (E2),  with  the  anti-estrogen  tamoxifen  (T), 
and  with  genistein  (G).  We  selected  three  ER+  breast  cancer  cell  lines  representing  the  three 
MDM2  SNP309  genotypes:  ZR75-1  (TT),  MCF-7  (TG),  and  T47D  (GG).  Protein  was  isolated 
from  the  cells  grown  in  the  various  conditions  and  Western  blot  analysis  was  performed  (Figure 
1). 

In  MCF-7  cells  (TG),  mdm2  protein  is  reduced  when  cells  are  grown  in  the  absence  of  estrogen 
media  as  compared  with  normal  media  or  with  estradiol.  With  tamoxifen  or  genistein,  relative  to 
estradiol,  mdm2  was  reduced,  but  remained  at  levels  higher  than  that  in  the  absence  of  estrogen. 
In  T47D  (GG  genotype),  the  response  in  the  absence  of  estrogen,  normal  media,  and  with 
estradiol  treatment  is  similar  to  that  of  MCF-7  cells  (TG  genotype).  However,  by  comparison, 
mdm2  levels  are  reduced  to  levels  nearly  equivalent  to  those  in  the  absence  of  estrogen  when 
treated  with  tamoxifen  and  genistein.  Of  interest,  the  ~50kDa  isoform  of  mdm2  is  reduced 
further  with  genistein  as  compared  with  tamoxifen,  suggesting  an  effect  on  alternative  splicing. 
In  ZR75-1  cells  (TT),  no  50kDa  isoform  is  expressed.  In  contrast  to  the  MCF7  and  T47D  cells, 
genistein  and  tamoxifen  treatment  resulted  in  increased  mdm2.  Increased  expression  may  be  the 
result  of  increased  transcription  or  posttranslational  changes  leading  to  reduced  degradation  and 
longer  half-life.  These  results  suggest  a  genotype- specific  effect  of  genistein  and  may  explain 
contradictory  effects  observed  in  studies. 

The  P2  promoter  of  mdm2  has  an  ERE  and  we  previously  demonstrated  that  mdm2  levels  are 
estradiol  dose-dependent  and  genotype  dependent  (preliminary  data  for  proposal).  Therefore,  we 
had  hypothesized  that  tamoxifen,  an  anti-estrogen  that  binds  ER,  would  result  in  decreased 
mdm2  as  well  as  decreased  binding  at  the  promoter  as  determined  by  chromatin 
immunoprecipitation  (figure  2).  While  this  was  true  in  ZR75-1  cells  and  to  a  much  lesser  degree 
in  MCF7  cells,  binding  occurred  in  the  presence  of  tamoxifen  in  T47D.  As  genistein  is  thought 
of  as  an  anti-estrogen,  we  hypothesized  that  genistein  treatment  would  result  in  decreased 
binding  to  the  ERE.  With  genistein  treatment,  ER  still  bound  the  P2  promoter  region  but 
transcription  was  reduced  in  MCF7  and  T47D.  Interestingly,  binding  appeared  to  be  reduced  in 
ZR75-1  for  treatment  with  estradiol,  tamoxifen,  and  genistein.  Since  protein  levels  were 
increased  in  ZR75-1  with  tamoxifen  and  genistein,  this  suggests  that  post-translational 
modification  leading  to  longer  half-life  may  play  a  role  in  increased  mdm2  levels  with  these 
treatments.  It  is  not  clear  if  this  is  truly  a  genotype- specific  effect  or  if  this  is  cell  line- specific. 


KEY  RESEARCH  ACCOMPLISHMENTS 

•  We  observed  that  anti-estrogen  agent,  fulvestrant,  causes  a  decrease  in  mdm2  protein  half- 
life,  leading  to  a  reduction  in  mdm2  following  treatment  with  this  agent. 
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•  We  demonstrate  that  combined  use  of  fulvestrant  with  chemotherapeutic  drugs  doxorubicin, 
etoposide  and  paclitaxel  can  enhance  the  sensitivity  of  breast  cancer  cells  to  these  cytotoxic 
agents. 

•  We  observed  that  mdm2  expression  is  differentially  modulated  by  estrogen,  the  anti-estrogen 
tamoxifen,  and  genistein  in  a  genotype-specific  manner.  The  largest  effects  on  reduction  in 
mdm2  expression  at  the  protein  level  occur  in  the  mdm2  SNP309  cell  line. 

•  We  observed  that  binding  of  estrogen  receptor  alpha  to  the  mdm2  promoter  is  less  efficient  in 
the  wildtype  mdm2  breast  cell  line  in  the  presence  of  estrogen,  tamoxifen,  and  genistein  as 
compared  with  cell  lines  carrying  at  least  one  variant  allele. 

•  We  have  accrued  breast  cancer  patients  for  evaluation  of  the  role  of  MDM2  SNP309  on 
outcomes  associated  with  chemotherapy  and  hormonal  therapy. 

•  We  analyzed  associations  between  MDM4,  PERP,  PPP2R2B,  p53,  TP53BP1,  and 
TSC1/TSC2  SNPs  and  breast  cancer  phenotypes. 

•  We  analyzed  associations  between  MDM2  SNP309  and  breast  cancer  phenotypes. 

•  We  observed  that  mdm2  tissue  expression  in  primary  breast  tumors  correlates  with  local  and 
locoregional  recurrence  of  breast  cancer  in  women  with  stage  I  or  stage  II  tumors  undergoing 
breast  conserving  surgery  and  radiation.  Our  data  indicate  that  MDM2  is  an  independent 
predictor  for  local  recurrence  in  conservatively  treated,  early  stage  breast  cancer,  suggesting 
its  possible  use  as  a  prognostic  marker. 

•  We  have  analyzed  associations  between  SNPs  in  genes  that  co-regulate  the  p53  pathway  in 
conjunction  with  MDM2  and  breast  cancer  phenotypes.  These  genes  include  PPP2R2B, 
MDM4,  PERP,  TSC1,  TSC2,  p53. 
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Breast  Cancer  Research  Foundation 

“Single  Nucleotide  Polymorphisms  in  the  p53,  p63,  and  p73  Pathways” 

October  1,  2011-  September  30,  2012 
Role:  Co-PI 

The  goals  of  this  project  are  the  identify  SNPs  in  genes  in  the  p53,  p63,  and  p73  pathways  that 
impact  on  the  risk  of  development  of  breast  cancer  in  offspring  of  parents  that  carry  these 
genetic  variations. 

New  Jersey  Commission  on  Cancer  Research 
“Epithelial  Integrity  and  Breast  Cancer  Recurrence” 

July  1,  2008-  June  30,  2010  in  no-cost  extension 
Role:  PI 

This  project  is  to  elucidate  the  molecular  mechanism  of  genes  associated  with  epithelial  integrity 
on  breast  cancer  cell  behavior  while  characterizing  SNPs  in  those  genes  for  associations  with 
recurrence. 
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Breast  Cancer  Research  Foundation 

“Single  Nucleotide  Polymorphisms  in  the  p53  and  Mdm2  Genes  Lower  the  Age  of  Onset  of 
Estrogen  Receptor  Positive  Breast  Cancers  in  Women” 

October  1,  2009-  September  30,  2010 
Role:  Co-PI 

The  goals  of  this  project  are  the  identify  SNPs  in  genes  in  the  p53  pathway  that  impact  on  age 
of  onset  of  breast  cancer,  investigate  the  role  of  interactions  with  SNPs  in  the  steroid  hormone 
metabolism  pathway,  and  to  construct  haplotypes  in  genes  in  the  p53  pathway. 

Breast  Cancer  Research  Foundation,  “Single  Nucleotide  Polymorphisms  in  the  p53,  p63,  and 
p73  Pathways” 
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Role:  Co-PI 

The  goals  of  this  project  are  the  identify  SNPs  in  genes  in  the  p53,  p63,  and  p73  pathways  that 
impact  on  the  risk  of  development  of  breast  cancer  in  offspring  of  parents  that  carry  these 
genetic  variations. 


CONCLUSIONS 

1.  Selective  estrogen  receptor  down-regulator,  fulvestrant,  decreases  MDM2  expression  and 
enhances  sensitivity  of  human  breast  carcinoma  cells  to  chemotherapeutic  drugs  (such  as 
doxorubicin,  etoposide  and  paclitaxel). 

2.  The  anti-estrogen  tamoxifen  decreases  MDM2  expression  in  a  genotype- specific  manner. 

3.  MDM2  SNP309  G  allele  associates  with  increased  risk  of  distant  recurrence  of  breast  cancer. 

4.  MDM2  SNP309  G  allele  may  associate  with  increased  risk  of  contralateral  breast  cancer 
events. 

5.  Mdm2  tissue  expression  in  primary  breast  tumors  is  prognostic  for  both  local  and  locoregional 
recurrence  of  breast  cancer  in  women  with  stage  I  or  stage  II  tumors  undergoing  breast 
conserving  surgery  and  radiation. 

6.  SNPs  in  p53,PERP,  MDM4,  TSC1/TSC2,  PPP2R2B,  TP53BP1  demonstrate  significant 
associations  with  breast  cancer  phenotypes,  e.g.  risk  and/or  treatment  response,  in  a  manner 
that  reflects  breast  cancer  molecular  features. 
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Abstract: 


Purpose:  MDM2  and  MDM4  are  involved  in  negative  regulation  of  p53  protein  and  apoptosis. 

As  such,  we  hypothesized  aberrant  MDM2/MDM4/p53  protein  expression  to  have  prognostic 
value  in  determining  local  outcome  in  early-stage  breast  cancer  treated  with  BCS  +  RT. 

Methods:  Breast  tumors  from  514  women  with  early-stage  invasive  breast  cancer  treated  with 
BCS+RT  were  constructed  into  a  tissue  microarray  and  stained  for  MDM2,  MDM4  and  p53.  The 
staining  profile  of  each  tumor  was  correlated  with  ipsilateral  breast  recurrence  survival  (IBRFS), 
nodal  recurrence  free  survival  (NRFS)  and  loco-regional  recurrence  free  survival  (LRFS).  The 
associations  between  staining  and  outcomes  were  assessed  in  a  multivariate  model. 

Results:  The  median  follow  up  of  the  cohort  was  7.23  years.  Positive  scoring  of  MDM2  was 
correlated  with  worse  10  year  IBRFS  (75.0%  v.  90.0%;  p= 0.032)  by  Kaplan-Meier  analysis. 
Neither  MDM4  nor  p53  correlated  with  any  endpoints.  Combinations  of  markers  did  not  enhance 
prognostic  value.  On  multivariate  analysis  incorporating  MDM2,  tumor  size,  margin  status  and 
nodal  status,  MDM2  was  significant  for  IBRFS  (p= 0.0009).  As  MDM2  is  an  estrogen- 
responsive  gene,  its  prognostic  value  was  assessed  on  ER+  and  ER-  subsets.  MDM2  was  found 
to  be  predictive  of  local  recurrence  only  in  the  ER+  subset  on  multivariate  analysis  for  IBFRS 
(p= 0.0037). 

Conclusion:  Our  data  indicate  that  MDM2  is  an  independent  predictor  for  local  recurrence  in 
conservatively  treated,  early  stage  breast  cancer,  suggesting  its  possible  use  as  a  prognostic 


marker. 


Introduction: 


Murine  double  minute  2  (MDM2)  and  its  related  ortholog  MDM4,  are  involved  in  the  negative 
regulation  of  p53  including  ubiquitin-mediated  targeting  of  p53  for  proteolytic  degradation. 
Moreover,  MDM2  is  induced  by  p53  thus  creating  a  negative  feedback  loop  1 5.  Apart  from  its 
p53  ubiquitination  function,  MDM2  has  other  functions  including  nuclear-cytoplasmic  shuttling 
of  p53  and  prominent  interactions  with  various  ribosomal  proteins  6' 7 .  MDM4  has  similar 

O  1  A 

structure  and  function  to  MDM2;  however,  it  can  be  degraded  by  MDM2  "  .  Appropriate 
expression  of  p53  propels  cells  down  apoptotic  pathways,  but  this  progression  may  be  abated  by 
overexpression  of  MDM2/MDM4  and  subsequent  degradation  of  p53.  It  follows  that 
dysregulation  of  p53  by  MDM2/MDM4  could  potentially  cause  resistance  to  treatment  through 
inability  of  the  cell  to  undergo  p53-mediated  apoptosis. 

Several  studies  have  reported  the  significance  of  MDM2  in  cancers  of  the  prostate,  breast  and 
ovary  u'14.  In  breast  cancer,  MDM2  has  been  extensively  studied  as  prognostic  marker  for 
overall  and  disease  specific  survival.  Over  expression  of  MDM2  has  been  found  to  associate 
with  worse  breast  cancer  specific  survival  and  to  have  a  role  in  enhancing  estrogen  receptor 
alpha  (ERa)  mediated  gene  expression  n’ 15  i7.  However,  the  significance  of  MDM2  on  local 
recurrence  of  breast  cancer  has  not  been  adequately  explored  14.  Specifically,  there  have  been  no 
reports  assessing  the  significance  of  MDM2  on  local  recurrence  in  early  stage  breast  cancer 
treated  with  BCS  +  RT.  Additionally,  relatively  little  is  known  regarding  the  effects  of 
over/under  expression  of  MDM4  and  p53  on  local  recurrence. 


The  purpose  of  this  study  was  to  ascertain  if  MDM2/MDM4/p53  expression  in  a  cohort  of 
women  with  Stage  I  and  II  invasive  breast  cancers  treated  with  BCS  +  RT,  will  have  prognostic 
value  in  predicting  locoregional  relapse. 


Materials  &  Methods 


Tissue  microarray  and  patient  characteristics 

The  protocol  was  reviewed  and  approved  by  the  Human  Investigations  Committee  at  Yale 
University,  School  of  Medicine.  Patients  selected  for  the  study  were  treated  at  the  Yale 
University  Department  of  Therapeutic  Radiology,  New  Haven,  CT  between  1975  and  2003  and 
had  their  breast  cancer  tissue  cores  compiled  into  a  tissue  microarray  (TMA).  Only  patients  that 
had  paraffin  embedded  tissues  in  the  pathology  archives  of  the  hospital  were  included  in  the 
array.  The  TMA  comprised  of  tumors  cores  from  514  patients  was  used  for  this  study.  Patients 
had  tumor  cores  evaluated  for  MDM2,  MDM4,  p53  and  hormone  receptors.  Information  about 
the  patients’  clinical  history  was  obtained  from  a  clinical  database  as  previously  described  .  All 
patients  had  histological  evidence  of  invasive  early  stage  breast  carcinoma  and  were  treated  with 
BCS+RT.  The  size  of  the  primary  tumor  was  considered  to  be  the  largest  tumor  diameter 
reported  by  the  pathologist  after  surgical  excision.  Margin  status  was  defined  as  positive  if  tumor 
cells  were  present  on  the  most  peripheral  slide  of  the  tumor  specimen.  Following  surgery, 
patients  received  standard  whole  breast  irradiation  to  a  total  median  dose  to  the  breast  of  48  Gy 
and  a  total  tumor  bed  dose  of  64  Gy;  regional  nodes  were  treated  to  a  median  dose  of  46  Gy,  as 
clinically  indicated  19' 2<).  Adjuvant  systemic  chemotherapy  and/or  adjuvant  hormone  therapy  was 
administered  as  clinically  indicated  in  accordance  with  standard  practices  during  the  time 
interval. 

Ipsilateral  breast  tumor  recurrence  was  defined  as  clinically  and  biopsy-proven  relapse  in  the 
ipsilateral  breast.  IBRFS  was  defined  from  the  time  of  initial  diagnosis  to  ipsilateral  breast  tumor 
relapse;  NRFS  was  defined  as  the  time  from  initial  diagnosis  to  the  time  of  biopsy  proven  nodal 


relapse;  LRFS  was  defined  as  time  from  initial  diagnosis  to  either  ipsilateral  breast  recurrence  or 
nodal  recurrence.  The  vast  majority  of  local  recurrences  occurred  prior  to  distant  recurrences  or 
were  diagnosed  concurrently.  There  were  3  patients  in  which  local  failure  occurred  2  months  or 
more  after  the  diagnosis  of  distant  failure. 

Immunohistochemical  study 

Immunohistochemical  analysis  was  performed  on  5  /r m  thick  tissue  sections  prepared  from 
formalin-fixed,  paraffin-embedded  tissue  from  the  constructed  tissue  microarray  block.  Tissue 
sections  were  de-paraffinized  and  then  quenched  in  2%  hydrogen  peroxide-methanol  solution. 
Samples  were  then  pretreated  to  promote  antigen  retrieval  with  the  DAKO  Target  Retrieval 
Solution  (DAKO,  Carpinteria,  CA,  USA).  Slides  were  then  incubated  with  MDM2  antibody 
(1:200;  Neomarker,  CA,  USA,  Rb  9218),  MDM4  antibody  (1:200;  Bethyl  laboratories, 
Montgomery,  TX,  USA)  andp53  antibody  (1:4000;  DAKO,  Carpinteria,  California,  M7001). 
After  incubation,  the  slides  were  washed  in  phosphate  buffered  saline,  and  a  biotinylated 
secondary  antibody  was  applied.  Samples  were  then  applied  with  DAKO  streptavidin- 
horseradish  peroxidase  using  LSAB  +  Kit.  DAKO  DAB  (3,3-diaminobenzidine 
tetrahydrochloride  dehydrate)  was  then  applied  as  a  chromogenic  substrate.  A  known  positive 
case  was  included  as  positive  control.  For  the  negative  control,  the  primary  antibody  was 
replaced  with  non-immune  rabbit  serum.  Slides  were  read  by  a  pathologist  blinded  to  clinical 
outcome.  For  MDM2  staining,  a  tumor  core  was  only  considered  positive  if  the  pathologist 
reported  staining  in  the  cytoplasm  of  more  than  70%  of  tumor  cells.  Others  have  used  a  similar 
cutoff  16 .  MDM4  staining  was  considered  positive  if  more  than  10%  of  cells  were  stained.  This 
was  similar  to  the  cutoff  chosen  by  others.  .  For  p53,  a  tumor  core  was  considered  positive  if 
more  than  10%  of  cells  were  stained.  As  per  NCCN  guidelines,  ER/PR  were  considered  positive 


when  more  than  1%  of  cells  stained  were  stained  positive  and  Her2 neu  was  considered  positive 
if  Her2/neu  staining  had  an  intensity  of  2+  or  more,  and  negative  if  staining  intensity  was  0  or  1 
(I  think  this  is  the  correct  criteria). 

Statistical  analysis 

Descriptive  statistics  comparing  MDM2  expression  with  conventional  markers  of  tumor 
aggressiveness  were  analyzed  by  standard  chi-squared  tests,  or,  when  appropriate,  Fisher’s  exact 
test.  Estimates  of  disease-free  survival  were  calculated  by  the  Kaplan-Meier  product-limit 
method,  and  the  differences  were  assessed  by  the  log-rank  test.  Probabilities  of  survival  were 
calculated  from  the  date  of  breast  cancer  diagnosis  to  either  the  date  at  which  relapse  was 
clinically  identified  or  the  date  of  last  contact.  Date  of  death  from  breast  cancer,  date  of  death 
from  another  cause,  and  date  of  last  contact  were  all  defined  as  ‘date  of  last  contact.’  The 
occurrence  of  contra  lateral  breast  cancer  was  treated  as  an  occurrence  of  a  new  primary  and  did 
not  impact  our  analysis.  Univariate  and  multivariate  survival  analysis  was  carried  out  using 
Cox’s  proportional  hazard  regression  model.  Multivariate  analysis  was  used  to  assess  the 
independent  contribution  of  each  variable  to  survival.  All  P  values  were  two-tailed,  and  <  0.05 
level  was  considered  statistically  significant.  A  computer  program  package  SAS  (Version  9.2, 
SAS  Institute,  Cary,  NC)  was  used  for  all  statistical  testing  and  management  of  the  database. 


Results 


Descriptive  statistics  and  correlations  with  clinicopathologic  markers 

The  description  of  the  entire  patient  cohort  is  shown  in  Table  1.  The  median  age  at  diagnosis  of 
the  entire  patient  cohort  was  55  years  (range  25-88  years)  with  40%  of  patients  being  younger 
than  50  at  the  time  of  diagnosis.  63%  ( n=  183),  29%  ( n=  86)  and  10%  ( n=  40)  of  the  patient 
population  were  ER,  PR  and  HER2/new  positive  respectively.  25%  (n=  72)  of  the  patient 
population  was  negative  for  all  three  markers.  46%  ( n=  140)  of  patient  population  received 
adjuvant  hormonal  therapy  and  36%  ( n=  108)  of  the  patient  population  received  adjuvant 
chemotherapy.  14%  ( n=  72)  received  both  adjuvant  hormone  and  chemo  therapy. 

As  of  September  2009,  median  follow-up  on  this  cohort  was  7.23  years  during  which  17.5% 
(n=90)  of  patients  died.  9.7%  (n=50)  of  patients  experienced  ipsilateral  breast  recurrence,  2.3% 
(n=12)  experienced  nodal  relapse  and  11.3%  (n=58)  experienced  locoregional  recurrence. 

Immunohistochemical  staining  results 

The  predominant  intracellular  staining  of  MDM2  was  cytoplasmic.  Immunoreactivity  was 
completely  absent  in  some  tumor  cores  while  in  others,  the  number  of  immunoreactive  cells 
ranged  from  very  few  to  the  majority  of  cells.  Samples  of  both  positive  and  negative  cores  and 
slides  are  shown  in  Figure  1.  8.6%  (n= 26)  of  the  cores  were  scored  as  positive  for  MDM2 
staining  while  91.4%  were  scored  as  negative. 

Staining  for  MDM4  was  less  specific  with  56.7%  (n=174)  of  tumor  cores  being  scored  as 
positive  (data  not  shown).  Immunoreactivity  for  MDM4  encompassed  a  range  from  very  few 


cells  stained  positive  to  almost  all  cells  being  stained  positive.  Staining  for  MDM4  was 
predominantly  nuclear.  31.0%  (n=  140)  of  patients  stained  positive  of  p53  with  the  staining  being 
predominantly  nuclear  (data  not  shown). 

Association  between  MDM2  and  patient  outcomes 

10  year  survival  analysis  was  performed  for  ipsilateral  breast  recurrence  free  survival  (IBRFS), 
nodal  recurrence  free  survival  (NRFS),  and  locoregional  recurrence  free  (LRFS)  as  a  function  of 
MDM2,  MDM4  and  p53  expression.  Only  MDM2  was  found  to  be  a  significant  predictor  of 
IBRFS  (75.0%  v.  90.0%;  p= 0.032)  and  LRFS  (65.6%  v.  88.5%;  p=0.017)  by  log  rank  test  (Fig. 
2). 

Combinations  of  the  three  markers  ( i.e .  MDM2  positive  and  p53  positive)  were  assessed  to  see  if 
any  combination  could  add  to  the  prognostic  value  that  MDM2  expression  alone  offered.  MDM2 
positivity  predicted  for  worse  IBRFS  (89.16%  v.  61.0%;  p=  0.0063)  and  LRFS  (87.3%  v.  40.6%; 
p=  0.0015)  in  the  p53  negative  group;  but  was  unable  to  predict  for  worse  local  or  regional 
outcomes  in  the  p53  positive  group.  If  any  combination  of  three  markers  was  used,  the  sample 
size  and  number  of  events  for  each  combination  became  too  small.  Expression  of  these  markers 
was  also  analyzed  for  other  endpoints  including  overall  survival  and  distant  metastatic  free 
survival;  all  p- values  were  non-significant  (data  not  shown). 

Univariate  analysis  was  performed  using  MDM2,  age,  race,  ER  status,  PR  status,  HER2/new, 
systemic  therapy,  triple  negative  status,  nodal  status,  tumor  size  and  margin  status.  Relevant 
results  are  displayed  in  Table  2.  When  assessing  for  IBRFS,  only  tumor  size,  margin  status,  and 


MDM2  positivity  were  found  to  be  significant  (p=0.0002;  p=0.0137;  p=0.0416,  respectively). 
When  assessing  for  LRFS,  tumor  size,  margin  status  and  MDM2  were  again  found  to  be 
significant  (p =0.000 1 ;  p= 0.0367;  p=  0.0229,  respectively).  It  should  be  noted  that  while  nodal 
status  approached  significance  for  NRFS  (p=0.0686),  no  variable  was  significant  for  NRFS 
possibly  due  to  the  small  number  of  events.  Considering  that  MDM2  was  the  only  marker  that 
was  significant  on  univariate  and  log-rank  tests,  it  was  the  only  IHC  marker  used  for  multivariate 
analysis. 

A  multivariate  analysis  was  done  for  IBRFS  and  LRFS  using  the  three  variables  that  were 
significant  in  univariate  analysis:  margin  status,  tumor  size  and  MDM2  expression.  Nodal  status 
was  also  included  as  it  approached  significance  for  nodal  recurrence  on  univariate  analysis; 
which  in  turn  may  have  an  impact  on  LRFS.  MDM2  was  again  found  to  be  a  significant 
predictor  of  IBRFS  and  LRFS  (p=  0.0009  and  0.0003  respectively).  Additionally  tumor  size  was 
once  again  found  to  be  independently  predictive  of  IBRFS  and  LRFS  (p= 0.0007  and  /?=0.00 10). 
The  results  are  shown  in  table  3.  A  separate  analysis  was  performed  excluding  margin  positive 
patients  and  MDM2  expression  again  was  significant  for  local  IBRFS  and  LRFS. 

As  MDM2  is  an  estrogen  responsive,  prosurvival  gene,  a  subset  analysis  of  ER+  and  ER-  tumors 
was  done.  MDM2  was  found  to  be  predictive  of  IBRFS  and  LRFS  on  univariate  analysis  only  in 
the  ER+  subset  (p=  0.0003  and p=0.0011  respectively,  data  not  shown).  The  results  were 
similarly  validated  in  multivariate  studies  (p=  0.0037  and  p=0.0037  respectively).  The 
prognostic  value  of  MDM2  was  however  not  similarly  observed  in  the  ER-  subset  (table  4). 


Discussion: 


Through  ubiquitination,  MDM2  marks  p53  for  degradation  and  hence  diminishes  its  cellular 
capacity  to  carry  out  p53-mediated  apoptosis.  In  vivo  and  in  vitro  studies  have  shown  MDM2  to 
be  a  key  negative  regulator  of  p53  and  its  apoptotic  pathways  14.  While  many  studies  have 
explored  the  significance  of  MDM2  in  prostate  and  breast  cancers  with  a  focus  on  overall 
recurrence,  there  is  a  lack  of  data  reporting  the  significance  of  MDM2  protein  expression  on 
local  and  regional  outcomes  following  breast  radiation  n' 13' 14.  In  addition,  much  evidence  has 
recently  been  shed  on  the  structurally  similar  protein  MDM4,  but  few  have  explored  its 
significance  in  breast  cancer  and  no  studies  have  explored  its  significance  in  relation  to  local  and 
regional  outcomes  in  early  stage  breast  cancer  treated  with  BCS+RT.  Lastly,  although  p53  has 
been  well  studied  in  vivo  and  in  vitro,  associations  between  expression  and  outcomes  have  not 
yielded  the  predicted  results.  As  such  we  hoped  to  study  the  prognostic  potential  of  these  protein 
markers  for  assessing  local  response  to  radiation  in  early  stage  breast  cancer. 

In  this  study,  we  showed  that  MDM2  overexpression  is  associated  with  significantly  worse  local 
recurrence  in  stage  I  and  stage  II  invasive  breast  cancer  treated  with  BCS+RT  as  defined  by 
ipsilateral  breast  recurrence  free  survival  (IBRFS).  When  examining  MDM4  and  p53  expression 
however,  we  were  unable  to  appreciate  a  similar  prognostic  value.  We  acknowledge  that  11.3% 
local  regional  recurrence  rate  is  somewhat  high  by  modem  standards,  however  it  should  be  noted 
that  many  of  these  patients  were  treated  in  an  earlier  era  and  a  much  larger  proportion  of  this 
cohort  has  triple  negative  breast  cancer.  Lastly,  as  MDM2  expression  has  been  linked  to  active 
ERa  signaling,  u' 15  we  sought  to  determine  if  the  prognostic  significance  of  MDM2  was 
associated  with  this  subset.  The  fact  that  MDM2  was  only  found  to  have  predictive  value  in  the 


ER+  subset  may  be  explained  by  higher  biologic  activity  of  MDM2  in  estrogen  responsive 
tumors.  Numerous  studies  have  identified  associations  between  MDM2  and  ERa  expression  in 
breast  tissue  and  breast  cancer  cell  lines  ’  ’  .  In  vitro  data  have  demonstrated  that  MDM2  is 
an  estrogen-responsive  gene  through  action  of  activated  ERa  on  the  estrogen  response  element 
in  the  first  intron  of  MDM2  24  27.  Kim  et  al.  15  demonstrated  MDM2-enhanced  ERa-mediated 
transactivation  in  the  presence  of  wildtype  p53  suggesting  a  protein-protein  interactions  between 
MDM2  and  ERa  leading  to  these  functional  responses.  Additionally,  the  finding  of  the 
significance  of  MDM2  only  in  the  p53  negative  subset  may  allude  to  greater  importance  of 
MDM2  expression  in  p53  wild  type  tumors.  P53  expression,  normally  low  in  the  absence  of  cell 
stress,  is  thought  to  increase  with  the  presence  of  p53  mutation  due  to  resultant  stabilization  of  a 
dysfunctional  protein.  In  p53  mutant  tumors,  the  mutation  alone  may  play  a  dominant  role  in  the 
dysregulation  of  the  p53  pathway,  negating  need  for  alterations  in  other  p53  pathway  genes  to 
provide  a  survival  advantage. 

These  findings  suggest  that  while  both  MDM2  and  MDM4  are  involved  in  the  negative 
regulation  of  p53  and  subsequent  arrest  of  apoptosis;  only  MDM2  protein  expression  may  have 
prognostic  value  in  determining  local  outcomes  in  early  stage  breast  cancer  treated  with 
BCS+RT.  These  results  add  to  a  growing  body  of  evidence  demonstrating  that  increased 
expression  of  MDM2  has  negative  prognostic  value  for  various  endpoints  in  multiple  tumor 
types  '  ’  ’  .  Additionally,  it  should  be  noted  that  MDM2  was  found  to  be  an  independent 
predictor  for  local  outcomes  in  early  stage  breast  cancer  regardless  of  patients  having  received 


chemotherapy  or  hormone  therapy. 


Interestingly,  there  is  a  correlation  between  MDM2  expression  and  Her2  phenotype,  i.e.  higher 
expression  of  MDM2  was  more  common  in  Her2  overexpressors  (Table  1).  Nearly  an  equal 
number  of  tumors  stained  positive  for  Her2,  as  were  positive  for  p53.  A  hypothesis  has  been  put 
forth  that  patients  having  p53  mutations  are  more  likely  to  develop  Her2  overexpressing  breast 
tumors  .  At  least  one  study  has  identified  a  relationship  between  Her2  expression  with  MDM2 
expression  .  However,  in  that  study,  MDM2  is  downregulated  in  the  presence  of  wild  type  p53. 
Therefore,  the  association  observed  in  this  dataset  may,  in  part,  reflect  the  p53-Her2  pathway 
interaction.  This  dataset  though,  does  not  have  sufficient  information  to  validate  this  hypothesis. 

The  limitations  of  this  study  include:  that  is  retrospective;  not  all  patients  were  treated  in  the 
same  time  period  and  hence  received  varying  chemotherapy  and  hormone  therapy  regimens 
contributing  to  higher  rates  of  locoregional  relapse;  and  lack  of  direct  p53  gene  sequencing  to 
assess  if  what  mutations  are  present  in  each  individual  tumor. 

To  our  knowledge  this  is  the  first  study  assessing  the  significance  of  protein  expression  of 
MDM2,  MDM4  and  p53  for  local  recurrence  in  conservatively  treated,  early  stage  breast  cancer. 
This  cohort  demonstrated  that  increased  expression  of  MDM2  correlated  with  worse  local 
outcomes  in  early  stage  breast  cancer  treated  with  breast  conserving  surgery  and  radiotherapy. 
Moreover,  on  subset  analysis,  it  was  found  that  MDM2  was  only  found  to  have  prognostic  value 
in  the  ER  +  subset  alluding  to  the  importance  of  this  protein  in  ER+  breast  cancer.  These  results 
add  to  the  growing  body  of  evidence  assessing  the  prognostic  value  of  MDM2  expression,  and  its 
potential  as  a  therapeutic  target  in  combination  with  radiation  therapy.  If  confirmed  in  larger 
studies,  these  results  can  have  significant  clinical  implications.  However,  further  studies  are 


needed  to  assess  its  importance  in  regional  recurrence,  and  of  MDM4  and  combinations  of  other 
markers  in  prognosis. 
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Figure  1:  Representative  immunohistochemical  staining  of  MDM2  in  breast  tumors  (40x):  a. 


MDM2  positive;  b.  MDM2  negative 
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Figure2:  Kaplan  Meier  survival  curves  of  MDM2+  (red)  v.  MDM2-  (blue)  for:  a.  Ipsilateral 
breast  recurrence  b.  Locoregional  recurrence 
a. 
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Dear  Dr.  Pollock, 


Thank  you  for  the  reviewer  of  our  paper  entitled  “The  Prognostic  Value  of  MDM2 
Expression  in  Early  Stage  Breast  Cancer  Treated  with  Breast  Conserving  Surgery  and 
Radiotherapy  (BCS+RT)”.  The  reviewers’  comments  were  most  helpful  and  we  believe 
the  attached  revised  manuscript  is  much  improved  as  it  addresses  all  comments  and 
concerns.  We  appreciate  the  constructive  comments.  We  have  revised  the  manuscript  in 
accordance  with  the  reviewer  comments  as  follows: 

Reviewers:  1 
Comments  to  the  Author 

The  authors  provide  an  interesting  analysis  showing  a  relationship  between  MDM2 
expression  and  local-regional  recurrence  after  breast  conservation  therapy.  These  data 
offer  original  findings  of  a  new  and  potentially  important  biomarker  for  local-regional 
outcome.  The  paper  is  well  written  and  analyzed. 

>  We  appreciate  this  reviewer’s  favorable  comments  regarding  the  novelty  and 
quality  of  the  paper. 

General 

1.  Please  provide  relationship  of  these  biomarkers  to  DM  and  OS 

>  A  summary  of  the  relationship  of  the  markers  with  distant  metastasis  and 
overall  survival  are  now  included  in  the  results.  As  shown  below,  MDM2  was 
not  seen  to  be  a  predictor  for  worse  10  year  distant  and  overall  survival 
outcomes. 


Outcome 

P-value 

Overall  survival 

0.1622 

Distant  Metastatic  Free  Survival 

0.8333 

2.  What  was  the  relationship  ofMDM2  positivity  and  LRR  in  the  p53  normal  cases  and 
did  this  differ  compared  to  the  p53  mutated  cases? 

'r  The  differential  results  of  MDM2  for  the  p53  mutated  and  wildtype  cases  are 
given  in  the  results.  We  apologize  for  having  omitted  these  results  earlier. 
MDM2  positivity  was  able  to  predict  for  worse  outcome  in  the  p53  negative 
group  but  was  unable  to  predict  for  worse  outcome  in  the  p53  positive  group. 

Specific 

page  4  -  first paragraph  -  DNA  damage  doesn't  "ultimately  progress  through  apoptotic 
pathways"  -  what  about  reproductive  cell  death  and  necrosis  -  is  this  not  felt  to  be  the 
major  mechanism  by  which  radiation  causes  cellular  death? 

>  We  apologize  for  overstating  this  and  have  modified  the  statement  regarding 
apoptotic  cell  death. 


page  4  -  line  13  - 1  don't  understand  "and  transcriptional  activity"  -  the  sentence 
structure  is  worded  such  that  this  happens  after  proteolytic  degradation. 

>  The  sentence  has  been  modified  as  requested.  We  apologize  for  the  confusing 
sentence  structure. 

page  7  -  suggest,  "read  by  a  pathologist  blinded  to  the  clinical  outcome" 

>  The  statement  regarding  the  blinded  pathologist  has  been  modified  as 
suggested. 

page  9  -  in  interpretation  of  the  results  would  you  consider  that  11.3%  LRR  rate  with  a 
median  f/u  of7yrs  somewhat  high  by  modern  standards? 

>  The  LRR  of  1 1.3%  is  somewhat  high  by  modern  standards,  but  many  of  these 
patients  were  treated  in  an  earlier  era,  and  this  is  consistent  with  results 
reported.  We  have  added  a  statement  in  the  discussion  regarding  this. 

page  14  -  suggest  a  short  paragraph  concerning  the  limitations 

-  retrospective 

-  higher  rate  of  LRR 

-  lower  rate  of  hormone  therapy  (only  2/3  ofER+  received  hormonal  therapy) 

-  lack  of  p5 3  sequencing  for  mutations 

>  We  have  added  a  paragraph  in  the  discussion  regarding  the  limitations  and 
appreciate  this  comment. 

Reviewers:  2 
Comments  to  the  Author 

In  this  manuscript,  Naboori  et  al.  present  a  biomarker  study  ofMDM2  and  its  prognostic 
value  in  local  outcomes  in  breast  cancer.  While  the  result  of  the  study  is  interesting, 
there  are  some  statistical  and  methodological  concerns  with  the  study: 

How  were  patients  selected  for  inclusion  into  the  tissue  microarray?  There  are  relatively 
few  patients  for  a  long  time  interx’al  (1975  to  2003). 

>  We  apologize  for  not  stating  selection  criteria  more  clearly.  All  patients  treated 

at  the  facility  with  BCS+RT  who  had  available  paraffin  embedded  tissues  in 
the  pathology  archives  of  the  hospital  were  included  in  the  tissue  microarray. 
This  is  now  more  clearly  stated  in  the  methods. 

The  study  mentions  514  patients  -  however,  in  Table  1,  approximately  300  patients  are 
included  for  statistical  analysis.  Due  to  technical  reasons,  it  is  expected  that  not  all 
patients  will  have  complete  biomarker  data,  but  the  authors  need  to  explain  why  a  large 
proportion  of  their  patient  cohort  was  not  included  in  statistical  analysis.  Similarly,  does 


the  number  of  locoregional  events  (n  =  58)  refer  to  the  entire  cohort  of  514  patients  or 
the  300  patients  that  were  analyzed? 


>  Again  we  apologize  for  not  clearly  stating  the  patients  who  were  in  the  final 
analysis.  Not  all  portions  of  all  cores  were  present  in  every  section  of  the 
array.  Only  the  cores  which  were  completely  evaluable  were  included  in  the 
study  . . .  i.e.  if  a  large  portion  of  the  core  was  missing  then  it  was  not  analyzed 
and  not  included  for  subsequent  analysis.  This  decision  was  left  to  the 
pathologist.  The  number  of  loco-regional  events  refers  to  the  entire  cohort  of 
514  patients. 

For  outcomes  analysis,  how  were  competing  events  analyzed  (i.e.  distant  metastasis, 
death  from  breast  cancer,  death  from  other  causes,  contralateral  breast  cancer,  etc.)? 

>  All  local  recurrences  were  included  in  the  analysis.  The  vast  majority  of  local 

relapses  occurred  prior  to  distant  metastasis.  Death  from  breast  cancer,  death 
from  another  cause,  and  loss  to  follow  up  were  defined  as  censoring  events. 
The  occurrence  of  contra-lateral  breast  cancer  was  treated  as  an  occurrence  of 
a  new  primary  and  did  not  impact  our  analysis.  This  is  now  stated  in  the 
methods. 

10-year  outcomes  are  reported,  however,  the  median  follow-up  of  this  cohort  is  7  years. 
Would  5-year  outcomes  be  more  appropriate  for  this  study? 

>  With  a  median  follow  up  of  7  years  we  feel  that  both  5  and  10  year  results  are 

relevant.  However,  as  the  10  year  results  provide  a  better  indication  of  patient 
outcomes  and  may  be  of  better  clinical  value  to  the  readers  of  your  journal,  we 
have  chosen  to  include  the  10  year  results  for  the  results  section  of  the 
manuscript. 

The  authors  analyze  3  outcomes,  however,  no  variables  were  found  to  be  significant  for 
nodal  recurrence  free  survival  (NRFS).  There  are  very  few  nodal  recurrences,  so  I  would 
question  the  need  to  present  outcomes  for  both  local  recurrence  and  locoregional 
recurrence  (the  difference  in  sun’ival  curves  in  Figure  2a  and  2b  are  minimal). 
Consequently,  the  authors  should  emphasize  that  this  study  is  primarily  examining  the 
effect  ofMDM2  on  ipsilateral  breast  recurrence. 

'r  We  agree  with  the  comments  of  the  reviewer  regarding  the  small  number  of 
nodal  events  and  have  shifted  the  emphasis  from  loco-regional  to  local 
recurrence. 

The  statement,  “MDM2  expressors  were  found  to  be  9.1  times  more  likely  to  experience 
locoregional  recurrence  free  survival  (Page  11,  Line  32)  is  not  the  correct  interpretation 
of  the  statistical  test. 


>  The  statement  has  been  modified  as  per  the  request  of  the  reviewer.  Thank  you 

for  notifying  us  of  this  inconsistency. 

Patients  with  positive  surgical  margins  were  included  in  the  surx’ival  analysis.  Surgical 
margins  are  a  treatment  related  variable  that  has  a  significant  effect  on  local  recurrence. 
Because  this  manuscript  focuses  on  the  molecular  biology  ofMDM2  and  it’s  effect  on 
local  recurrence,  it  may  be  preferable  to  exclude  patients  with  positive  surgiccd  margins. 

>  We  concur  that  margin  status  is  a  critical  factor  in  local  relapse  and  both  our 

univariate  and  multivariate  analysis  has  confirmed  that.  Given  that  both 
MDM2  and  margin  status  were  significant  in  the  multivariate  analysis,  we  felt 
that  all  patients  with  and  without  margin  status  should  be  included  so  as  not  to 
add  additional  selection  bias  into  the  study.  However,  as  the  reviewer  suggests 
we  did  perform  a  separate  analysis  with  the  positive  surgical  margin  patients 
included  and  MDM2  remained  a  significant  prognostic  factor  for  local 
relapse.  This  information  is  included  in  the  revised  paper. 

The  authors  use  a  cut-off  of  70%  for  MDM2  status.  In  the  study  referenced  by  the 
authors  ( Turbin  DA  el  al),  the  cut-off  used  is  any  staining  of  breast  cancer  cells.  The 
referenced  study  cdso  applied  a  cut-off  of  80%  for  “strong  positivity,  ”  but  these  cases 
were  combined  with  the  “weak  positive”  cases  for  statistical  analysis.  The  authors  need 
to  justify  why  they  decide  to  use  a  different  cut-off  for  MDM2. 

>  We  used  the  70%  cutoff  as  we  believed  it  most  closely  replicated  the  criteria 

used  by  Turbin  et  al.  While  the  80%  cutoff  by  Turbin  et  al.  is  more  specific 
than  our  70%  criteria,  they  combined  the  their  “strong  positives”  with  weak 
positives,  hence  including  more  patients  and  decreasing  specificity  of  their 
staining.  To  account  for  the  lowered  specificity,  we  similarly  decreased  our 
threshold. 

In  the  discussion,  the  authors  refer  to  additional  studies  on  MDM2,  but  it  is  not  clear  how 
these  additional  studies  support  the  authors’  findings  in  this  manuscript.  For  example, 
Page  13,  Paragraph  2  ( Line  11)  does  not  appear  to  support  the  finding  that  the 
prognostic  effect  ofMDM2  is  isolated  to  the  ER  positive  subgroup.  As  well,  Page  13, 
Paragraph  4  (Line  49)  does  not  provide  an  hypothesis  for  the  association  between 
MDM2  and  Her2. 

>  Thank  you  for  bringing  these  to  our  attention,  the  statements  no  longer  appear 

in  the  revised  version  of  the  manuscript. 

Page  13,  Line  40  -  MDM2  cannot  be  said  to  have  prognostic  significance  that  is 
independent  of  another  variable  if  that  variable  was  not  included  in  the  multivariable 
analysis. 


>  We  have  deleted  this  statement  from  the  manuscript. 


We  would  like  to  thank  both  reviewers  for  their  thoughtful  and  constructive  criticism;  we 
believe  the  paper  is  stronger  because  of  it. 


Sincerely, 

Hanmanth  Neboori,  Bruce  Haffty. 
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Abbreviations 

PERP  p53  effector  of  apoptosis  related  to  PMP22 

LCL  lymphoblastoid  cell  line 

SNP  single  nucleotide  polymorphism 

ER  estrogen  receptor 

PR  progesterone  receptor 

BCS  breast  conserving  surgery 

XRT  radiation  therapy 

RFS  recurrence  free  survival 

LOH  loss  of  heterozygosity 

IHC  immunohistochemistry 

FISH  fluorescence  in  situ  hybridization 

HR  hormone  receptor 

PV  pemphigus  vulgaris 
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Abstract: 


Purpose: 

A  single  nucleotide  polymorphism  (SNP)  in  PERP  (rs2484067,  G>A)  has  been 
associated  with  apoptotic  efficiency  of  lymphoblastoid  cell  lines  (LCLs)  after  gamma 
irradiation.  Therefore,  this  SNP  may  be  important  in  clinical  outcomes  of  cancer.  In  this 
study,  the  association  of  this  SNP  with  breast  cancer  recurrence  was  evaluated  in 
conjunction  with  other  prognostic  factors. 

Patients  and  Methods: 

Genotyping  was  performed  on  patient  blood  DNA  and  genotypes  were  linked  with 
annotated  clinical  information.  Recurrence  analysis  was  limited  to  Caucasian  cases 
(n=790)  from  a  cohort  of  1020  patients. 

Results: 

Homozygous  perp  SNP  genotypes  had  a  similar  distribution  among  Caucasian  cases 
(A A:  25%;  GG:  26%).  The  AA  genotype  was  found  to  be  an  independent  predictor  of 
recurrence-free  survival  (RFS,  hazard  ratio  [HR]:  1.9,  95%  Cl:  1. 4-2.7,  p=0.001)  in  Cox 
proportional  hazards  survival  analysis,  with  AG  and  GG  carriers  having  similar  and  more 
favorable  RFS.  The  effect  of  AA  genotype  on  RFS  was  more  pronounced  in  patients 
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receiving  breast-conserving  surgery  followed  by  radiation  (HR  for  AA  vs.  AG+GG:  2.23, 


95%  Cl  1.29-3.83,  p=0.0037),  patients  diagnosed  at  or  above  51  years  of  age  (10  year 
RFS  rates  AA  55%  ,  AG+GG  79%;  p<0.0001)  or  patients  with  stage  III  disease  (HR:  2.5, 
95%  Cl  1.26-4.95,  p=0.009).  AA  genotype  decreased  the  RFS  in  subgroups  of  Caucasian 
cases  stratified  by  hormone  receptor  status,  HER2  status,  and  whether  they  received 
chemotherapy. 

Conclusion: 

PERP  SNP  rs2484067  may  be  a  novel  independent  predictor  of  breast  cancer  prognosis 
and  might  be  used  as  a  tool  to  optimize  treatment  strategies. 
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Introduction: 


PERP  (p53  apoptosis  effector  related  to  PMP-22),  a  tetraspan  plasma  membrane  protein, 
is  a  novel  p53-inducible  effector  of  apoptosis  and  is  a  direct  target  of  p63,  a  p53  family 
member  '  .  PERP  is  known  to  be  downregulated  in  melanomas  and  carcinomas  including 
breast,  more  so  in  metastatic  lesions  as  compared  to  primary  tumors  ’  .  PERP  is 
selectively  induced  by  p53  in  cells  undergoing  apoptosis  but  not  G1  cell  cycle  arrest  1’4,5. 
Moreover,  overexpression  of  PERP  can  induce  apoptosis  even  in  the  absence  of  p53 
activation  5.  PERP  also  plays  an  important  role  in  p63-regulated  development  of  stratified 
epithelium  through  localization  in  desmosomes  6.  Perp- null  mice  develop  severe 
blistering  of  the  skin  and  die  postnatally,  pointing  towards  a  critical  role  in  desmosome 
assembly  and  maintenance  of  epithelial  integrity  6'7.  PERP  is  also  implicated  in  the 
pathogenesis  of  pemphigus  vulgaris,  an  autoimmune  disease  with  desmosomal  defects  of 

o 

the  skin  and  oral  mucosa,  and  in  ankyloblepharon  ectodermal  dysplasia,  a  disorder  with 
multiple  defects  in  organs  of  ectodermal  origin  9. 

A  functional  SNP  in  the  second  intron  of  human  PERP  gene  (rs2484067,  IVS2-76  G>A), 
identified  through  a  cell  culture  assay  system  using  lymphoblastoid  cell  lines  (LCLs), 
showed  that  the  SNP  was  associated  with  varying  efficiency  of  p53-induced  apoptosis  in 
LCLs  subjected  to  gamma-radiation  10’n.  In  a  recent  evaluation,  the  same  SNP  in  PERP 
did  not  appear  to  impact  the  risk  of  breast  cancer  development  in  BRCA1  or  BRCA2 
mutation  carriers  of  Ashkenazi  Jewish  descent  . 
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Age  at  diagnosis,  stage  at  diagnosis,  hormone  receptor  status,  and  altered  gene  expression 
due  to  mutation  or  amplification  are  several  factors  implicated  in  the  alteration  of 
therapeutic  response  and  prognosis  of  breast  cancer  '  .  A  growing  number  of  genetic 
polymorphisms,  many  within  genes  of  the  p53  stress  response  pathway,  have  been 
implicated  in  the  overall  risk  of  developing  breast  cancer,  ~  as  well  as  in  determining  the 
clinical  phenotypes  such  as  age  of  onset  18  ,  lymph  node  metastasis,  aggressiveness  of 
breast  cancer,  and  relapse-free  and  overall  survival  ~  '  .  Because  PERP  has  been 
implicated  in  both  apoptotic  response  and  cell  adhesion,  the  association  of  the  previously 
identified  intronic  SNP  (rs2484067)  in  PERP  with  breast  cancer  recurrence  was 
examined  in  this  study. 

Methods: 

Patient  Population  and  Study  Design: 

Patients  diagnosed  with  stage  O-III  breast  cancer  and  evaluated  at  The  Cancer  Institute  of 
New  Jersey  (CINJ)  were  sequentially  enrolled  from  2004-2009  in  an  Institutional  Review 
Board- approved  protocol.  Diagnosis  for  all  subjects  was  biopsy-confirmed  by  a  breast 
pathologist.  Clinical  data  abstraction  from  medical  records  was  performed  for  date  of  and 
age  at  diagnosis,  race,  histologic  subtype  and  stage  of  breast  cancer  (determined  by  AJCC 
Tumor  Node  Metastasis  classification),  molecular  features,  treatment  and  date  of  breast 
cancer  recurrence.  Date  of  diagnosis  was  defined  as  the  first  date  of  biopsy-confirmed 
breast  cancer.  Breast  cancers  were  considered  estrogen  (ER)  and  progesterone  receptor 
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(PR)  positive  if  immunohistochemistry  (IHC)  was  >  10%.  HER2  IHC  score  of  3+  or 
fluorescent-in  situ-hybridization  (FISH)  score  >2.0  were  considered  positive.  Subjects 
were  considered  to  have  breast  cancer  recurrence  when  the  disease  was  detected  and 
confirmed  by  biopsy  (in  the  majority  of  cases)  at  local,  regional  and  distant  sites  at  a  time 
greater  than  one  month  from  initiation  of  adjuvant  therapy. 

DNA  Isolation  and  Genotyping: 

After  obtaining  informed  consent,  venipuncture  was  performed  to  procure  five  mL  of 
whole  blood  from  which  genomic  DNA  was  isolated  using  a  spin  column  based  DNA 
extraction  kit  according  to  manufacturer’s  protocol  (QIA-Amp  midi-kit,  Qiagen, 
Valencia,  CA).  The  rs2484067  locus  was  analyzed  using  a  TaqMan  allelic  discrimination 
assay.  Briefly,  the  20pL  reaction  volume  was  comprised  of  5-10ng  of  genomic  DNA, 
allele- specific  fluorescent  probes  (50nM  each  VIC  and  FAM),  225nM  each  forward  and 
reverse  primers,  and  IX  Genotyping  Master  Mix  (Applied  Biosystems,  Foster  City,  CA). 
Amplification  steps  were  2  min  at  50°C,  10  min  at  95°C,  followed  by  40  cycles  of  95°C 
for  15s  and  60°C  for  1  min.  Amplicons  were  measured  with  the  ABI  Prism  7000 
sequence  detection  system  (Applied  Biosystems,  Foster  City,  CA).  Alleles  at  this  SNP 
locus  were  A  or  G. 

Statistical  Methods: 
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Deviation  from  Hardy-Weinberg  equilibrium  for  this  locus  by  race  was  performed  using 


web-based  software  (http://ihg2.helmholtz-muenchen.de/cgi-bin/hw/hwal.pl). 
Recurrence-free  survival  (RFS)  was  defined  as  time  from  date  of  initial  diagnosis  until 
date  of  recurrence.  Patients  who  were  alive  with  no  recurrent  disease  at  the  time  of 
analysis  were  considered  censored.  Survival  functions  for  RFS  were  computed  using  the 
Kaplan-Meier  method  “  and  correlated  with  PERP  genotype  using  log-rank  tests  . 
Adjustment  for  additional  covariates  was  performed  using  Cox  proportional  hazards 
regression  analysis,  e.g.  stage  at  diagnosis,  adjuvant  medical  treatment.  Stratified 
analyses  were  performed  by  cancer  treatment  (breast  conserving  surgery  [BCS]  and 
mastectomy),  age  of  diagnosis,  and  stage  to  examine  the  association  between  PERP 
genotype  and  recurrence  by  various  levels  of  these  variables.  Results  were  presented  as 
a  hazard  ratio  (HR)  and  95%  confidence  interval.  Computations  were  carried  out  using 
SAS  Version  9.1  (SAS  Institute,  www.sas.com)  and  R  Version  2.11.1  (R  Foundation  for 
Statistical  Computing,  Vienna,  Austria,  www.R-project.org). 

Results: 

PERP  SNP  rs2484067  has  population-specific  frequencies: 

Genotyping  of  1020  cases  revealed  that  the  PERP  locus  (rs2484067)  demonstrated  race- 
specific  genotype  frequencies.  The  A  allele  was  prevalent  in  69%  of  African  Americans 
(n=59),  79%  of  Indians  (n=26),  and  92%  of  the  Asian  population  (n=41).  However,  A 
and  G  alleles  were  equally  represented  among  Caucasians  (n=790)  with  frequencies  of 
49%  and  51%,  respectively,  and  were  not  a  function  of  Ashkenazi  Jewish  descent  (data 
not  shown).  Hispanics  (n=63)  had  similar  allelic  distributions  as  Caucasians  (A:  53%;  G: 
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47%).  Forty  cases  either  did  not  have  available  information  for  race  (n=4)  or  because  of 


multi-national  heritage,  did  not  match  a  homogeneous  group  (n=36).  Overall,  genotype 

% 

frequencies  were  consistent  with  those  in  the  HapMap  consortium  “  .  Despite  these  inter¬ 
racial  variations,  this  SNP  was  in  Hardy -Weinberg  equilibrium  in  all  subgroups  (data  not 
shown). 


Patient  Characteristics: 

The  primary  objective  of  this  study  was  to  determine  associations  between  PERP 
genotypes  at  SNP  locus  rs2484067  and  risk  of  breast  cancer  recurrence.  Although  the 
recurrence  analysis  was  performed  on  breast  cancer  cases  of  all  ethnicities,  only  the 
analysis  of  Caucasian  patients  (77%  of  cases)  is  presented  to  reduce  heterogeneity  in  the 
study  population.  Sample  size  was  not  sufficient  to  perform  analysis  on  other  racial 
subgroups.  Table  1  depicts  the  characteristics  of  Caucasian  patients  in  the  breast  cancer 
cohort.  Median  age  at  diagnosis  was  51  years,  with  a  range  of  19-95  years.  The  majority 
of  breast  cancers  were  of  ductal  origin,  stage  O-II  at  diagnosis,  hormone-receptor  positive, 
and  HER2  negative.  Most  cases  received  chemotherapy  or  hormone  therapy  after  initial 
surgery  (65%  and  73%,  respectively).  The  frequency  of  PERP  genotypes  among 
Caucasians  cases  was  25%  AA,  49%  AG,  and  26%  GG. 


Distribution  of  PERP  SNP  by  Tumor  Characteristics  and  Treatment: 
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Table  1  presents  the  distribution  of  PERP  genotype  by  tumor  characteristics  and 


treatment  status.  The  frequency  of  PERP  genotypes  was  similar  by  ER,  PR  and  HER2 
status.  On  the  other  hand,  while  AG/GG  carriers  were  more  frequent  in  stage  I  breast 
cancer  the  frequency  of  AA  carriers  was  higher  in  stage  II  and  III  breast  cancers.  There 
were  no  marked  differences  in  the  distribution  of  PERP  genotypes  by  age,  histologic 
subtype,  choice  of  definitive  surgery,  or  use  of  chemotherapy  and  hormonal  therapy 
(Table  1). 


Impact  of  SNP  rs2484067  on  Breast  Cancer  Prognosis: 

Association  between  PERP  genotypes  and  breast  cancer  recurrence  was  assessed  before 
and  after  adjusting  for  clinicopathologic  variables.  Among  AA  carriers,  28%  developed 
breast  cancer  recurrences  as  opposed  to  16%  and  14%  cases  of  AG  and  GG  carriers. 
Caucasian  breast  cancer  patients  carrying  the  AA  genotype  were  twice  as  likely  to 
develop  a  recurrence  as  compared  with  those  carrying  the  GG  genotype  (HR  2.4;  95%  Cl 
1.5-3. 8,  p=0.0007).  Subjects  with  the  AA  genotype  were  more  likely  (HR  1.9;  95%  Cl: 

1. 4-2.7,  p=0.001)  to  exhibit  recurrence  than  those  carrying  the  G  allele  (AG+GG). 
Because  of  similarity  of  heterozygotes  to  GG  homozygotes,  AA  carriers  were  compared 
to  AG+GG  carriers  in  subsequent  analyses.  Kaplan-Meier  survival  analysis  among 
Caucasian  cases  demonstrated  significant  differences  in  recurrence-free  survival  (RFS) 
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for  AA  versus  AG+GG  carriers  (Fig  1A,  p=0.0001)  with  a  10-year  RFS  of  56%  and  77% 
and  a  median  time  to  recurrence  of  11.9  years  and  24.6  years,  respectively. 

To  assess  the  effect  of  AA  genotype  on  outcomes  of  initial  treatment,  Caucasian  cases 
were  stratified  by  definitive  breast  surgery:  breast-conserving  surgery  plus  radiation 
(BCS+XRT;  n=368)  or  mastectomy  alone  (mastectomy-XRT;  n=117).  The  stage 
distribution  among  patients  who  received  BCS  plus  XRT  was  not  statistically  different 
from  patients  receiving  mastectomy  alone  (p=0.40).  As  displayed  in  Table  2,  the  AA 
genotype  was  associated  with  a  2.2-fold  higher  risk  of  breast  cancer  recurrence  in  patients 
who  underwent  BCS  plus  XRT  (HR  2.2;  95%  Cl:  1.3-3. 8,  p=0.0037).  This  association 
persisted  after  adjusting  for  stage  at  diagnosis  (HR  1.9;  95%  Cl  1.12-3.35,  p=0.018). 
There  was  no  significant  association  between  PERP  genotype  and  breast  cancer 
recurrence  among  patients  who  underwent  mastectomy  alone  (crude  HR  1.71;  95%  Cl: 
0.88-3.30,  p=0.11;  adjusted  HR  1.8;  95%  Cl  0.88-3.51,  p=0.11).  Kaplan-Meier  survival 
analysis  showed  worse  RFS  for  AA  carriers  compared  to  AG+GG  carriers  in  patients 
receiving  BCS  plus  XRT  (Fig  IB,  10-year  survival  rate  for  AA:  55%  vs.  AG+GG:  82%; 
p=0.0029)  but  no  such  genotype- specific  effect  on  RFS  in  the  mastectomy  alone  group 
(Fig  1C,  10-year  RFS  rate  for  AA:  79%  vs.  AG+GG:  84%;  p=0.2957). 

In  order  to  test  the  interaction  of  AA  genotype  with  age  at  diagnosis,  Caucasian  cases 
were  stratified  by  age  at  diagnosis:  younger  than  51  years  (n=384);  51  years  and  older 
(n=347).  Kaplan-Meier  survival  analysis  indicated  that  PERP  AA  genotype  did  not 
further  diminish  the  RFS  as  compared  to  AG  or  GG  carriers  in  patients  younger  than  5 1 
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years  of  age  (Fig  2A,  p=0.22).  The  10  year  RFS  and  median  time  to  recurrence  for  AA 
were  55%  and  10.2  years,  while  AG+GG  were  75%  and  24.6  years,  respectively.  On  the 
other  hand,  the  deleterious  effects  of  AA  genotype  on  RFS  became  more  apparent  in 
patients  diagnosed  at  51  years  of  age  and  older  (Fig  2B,  10  year  RFS  rate  for  AA  vs. 
AG+GG  at  55%  and  79%,  respectively;  p<0.0001). 

To  assess  whether  there  was  any  stage-specific  enrichment  of  a  PERP  genotype  that 
could  in  turn  influence  the  rate  of  recurrence,  Caucasian  breast  cancer  cases  were 
stratified  by  PERP  genotype  and  stage  at  diagnosis.  Kaplan  Meier  survival  analysis  in 
patients  stratified  by  stages  I  (n=286),  II  (n=254),  and  III  (n=85)  and  PERP  genotype 
demonstrated  that  AA  carriers  had  lower  RFS  at  all  stages  (Fig  3),  but  only  a  statistically 
significant  association  with  worse  RFS  was  evident  among  stage  III  (Fig  3C,  10  year  RFS 
for  AA:  24%,  for  AG+GG:  55%,  and  median  time  to  recurrence  for  AA:  4.1  years,  for 
AG+GG:  12.3  years;  p=0.0058).  After  accounting  for  the  effect  of  chemotherapy  using 
the  Cox-Proportional  hazard  model,  the  AA  genotype  was  associated  with  2.5  times 
higher  risk  of  breast  cancer  recurrence  in  patients  with  stage  III  disease  at  diagnosis 
(Table  3;  adjusted  HR  2.5;  95%  Cl  1.26-4.95,  p=0.009). 


PERP  AA  Genotype  Interacts  with  Other  Prognostic  Indicators  in  Predicting  RFS 
in  Multivariate  Analysis: 
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To  assess  the  interaction  of  PERP  genotype  with  the  other  known  prognostic  indicators  of 
breast  cancer,  Caucasian  breast  cancer  cases  were  stratified  by  hormone  receptor  status, 
HER2  status,  stage,  and  use  of  adjuvant  chemotherapy  (Table  3).  After  accounting  for 
the  effects  of  stage  at  diagnosis  and  use  of  chemotherapy,  the  AA  genotype  was 
associated  with  80%  higher  risk  of  recurrence  (HR  1.8;  95%  Cl:  1.10-2.94,  p=0.019)  in 
ER-positive  cases.  Among  ER-negative  cases,  the  AA  genotype  was  associated  with  a 
73%  higher  risk  of  recurrence  (HR  1.73;  95%  Cl  0.91-3.29),  but  this  estimate  did  not 
achieve  statistical  significance  (p=0.095).  Similarly,  the  AA  genotype  was  associated 
with  a  two-fold  (HR  2.2;  95%  Cl:  0.74-6.54)  and  a  56%  (HR  1.56;  95%  Cl:  0.96-2.52) 
elevated  risk  of  recurrence  in  HER2  positive  and  HER2  negative  subjects,  respectively. 
There  was  an  appreciable  difference  in  the  association  between  AA  genotype  and  breast 
cancer  recurrence  in  PR-negative  cases  (HR  1.81;  95%  Cl:  1.06-3.09,  p=0.03),  but  no 
significant  association  in  PR-positive  cases  (HR  1.64;  95%  Cl:  0.93-2.89). 

Discussion: 

This  is  the  first  association  study  that  analyzes  the  impact  of  the  SNP  rs2484067  in  PERP 
on  breast  cancer  prognosis.  While  a  case-control  study  performed  using  the  same  SNP 
did  not  yield  any  positive  associations  between  the  SNP  and  the  risk  of  developing  breast 
cancer  in  BRCA1/2  mutation  carriers  of  Ashkenazi  Jewish  descent 12,  the  current  study 
demonstrates  an  association  of  this  SNP  with  increased  risk  of  breast  cancer  recurrence. 

In  particular,  Caucasian  breast  cancer  patients  carrying  the  AA  genotype  at  the  PERP 
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SNP  locus  exhibit  an  increased  propensity  to  develop  recurrent  disease  compared  to  those 
carrying  AG  or  GG  genotypes. 

The  standard  of  definitive  surgical  care  for  locally-confined  breast  cancer  is  either 
BCS+XRT  or  mastectomy  where  both  treatments  have  equivalent  clinical  outcomes  .  In 
this  study,  PERP  AA  genotype  was  associated  with  worse  clinical  outcomes  in  patients 
receiving  BCS  plus  XRT,  but  not  in  those  receiving  mastectomy  alone.  This  suggests  that 
cases  with  AA  genotype  at  this  PERP  locus  may  benefit  from  more  radical  surgical 
treatment.  PERP  AA  genotype  also  has  deleterious  effect  on  RFS  in  an  age-  and  stage- 
specific  manner,  i.e.  those  diagnosed  >51  years  age  and  stage  3  cancers.  Breast  cancers 
diagnosed  at  a  later  age  are  more  likely  hormone  receptor  positive  and  tend  to  have  better 
prognosis  than  cancers  diagnosed  at  a  younger  age  13.  However,  p53-dependent  apoptotic 
efficiency  of  cells  decreases  with  age,  leading  to  increased  susceptibility  for  tumor 
development  ~  .  PERP  has  well-documented  roles  in  p53-dependent  or  independent 
apoptotic  response  1,5  as  well  as  cell-cell  adhesion  6:  both  mechanisms  implicated  in 
response  to  radio-  and  chemotherapy,  cell  motility  and  in  turn,  cancer  metastasis.  It  is 
possible  that  PERP  AA  genotype  downregulates  PERP  expression  or  function,  further 
reducing  the  apoptotic  potential  of  tumors  in  patients  diagnosed  at  a  later  age  (>51), 
leading  to  residual  disease  and  recurrence.  Similarly,  PERP  AA  genotype  may  increase 
the  invasive  potential  of  the  tumors  by  diminishing  desmosome  function,  leading  to 
decreased  cell  adhesion  and  hence  advanced  stage  disease  at  diagnosis  and  enhanced 
propensity  to  travel  to  distant  sites.  The  observed  interaction  of  PERP  AA  genotype  was 
also  seen  with  other  known  prognostic  indicators  to  modify  the  risk  of  recurrence. 
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PERP  expression  is  diminished  in  cancer  cell  lines  and  metastatic  lesions  of  a  variety  of 
tissues  ’  as  well  as  being  downregulated  at  protein  and  mRNA  levels  in  the  more 
aggressive  and  highly  metastatic  subtypes  of  uveal  melanoma  32.  Esophageal  cancers 
show  an  association  between  diminished  expression  of  PERP  and  less  than  complete 
pathological  response  to  neoadjuvant  chemoradiation  suggesting  a  role  of  PERP  induced 
apoptosis  in  response  to  therapy  .  Furthermore,  another  SNP  in  PERP  (rs648802)  has 
been  shown  to  significantly  enhance  the  risk  of  GERD  patients  to  develop 
adenocarcinoma  of  the  esophagus  by  two-fold  34.  Nonetheless,  Perp  knock-out  mice  are 
resistant  to  papilloma  development  suggesting  that  lack  of  PERP  may  not  be  required  for 
tumor  initiation,  but,  required  for  tumor  maintenance  and  progression  .  The  attenuation 
of  PERP  expression  in  tumors  has  been  attributed  to  mechanisms  such  as  loss  of 
heterozygosity  (LOH)  at  the  PERP  locus  3,36  on  chromosome  6q,  a  frequent  site  for  LOH 
in  many  cancers  including  breast  cancer  . 

The  SNP  rs2484067  is  located  in  the  second  intron  of  human  PERP ,  76  nucleotides  away 
from  the  5’  boundary  of  the  second  exon.  Haplotype  analysis  of  PERP  accounting  for 
about  30-35  SNPs  spanning  the  gene  (Fig.  4)  suggests  that  no  other  SNPs  in  PERP  have 
similar  frequencies  as  this  locus  in  the  Caucasian  population.  In  other  words,  the  SNP 
does  not  tag  a  haplotype  that  may  be  under  positive  selection  pressure  and  it  is  not  linked 
to  any  other  functional  SNP  in  PERP.  Bioinformatic  analysis  suggests  that  it  does  not 
alter  any  transcription  factor  binding  sites,  splice  site  or  any  predicted  micro-RNA 
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binding  site  (A.  Vazquez,  personal  communication).  The  SNP  may  still  affect  PERP 
expression  and/or  function  in  ways  that  are  yet  to  be  determined. 

One  strength  of  this  analysis  is  that  extensive  pathologic  information  was  available  for 
examining  associations  between  PERP  genotypes  and  known  prognostic  factors. 
Nonetheless,  the  length  of  follow  up  on  this  cohort  could  limit  the  associations  because 
time  to  recurrence  is  related  to  molecular  features  of  breast  cancer,  i.e.  known  long 
duration  between  hormone  receptor  positive  primaries  and  recurrence.  Furthermore, 
because  of  heterogeneity  in  breast  cancer  and  its  treatment,  the  number  of  patients  for 
evaluating  the  interaction  of  PERP  AA  genotype  with  multiple  known  prognostic 
indicators  combined  was  too  small.  For  example,  to  assess  the  combined  effect  of  PERP 
genotype,  definitive  treatment,  age  and  stage  at  diagnosis  on  RFS,  Caucasian  cases 
receiving  either  BCS+XRT  (n=368)  or  mastectomy  alone  (n=117)  were  divided  into 
multiple  subgroups.  The  subgroup  of  Caucasian  AA  carriers,  diagnosed  >  age  51  years 
with  stage  2  disease  and  receiving  BCS+XRT  had  worse  10  year  RFS  compared  to 
matched  cases  undergoing  mastectomy  alone  (49%  and  91%,  respectively;  p=0.078).  The 
finding  suggests  a  trend  but  power  is  limited  by  small  numbers  in  each  subgroup.  If  true, 
the  result  would  suggest  that  a  subgroup  of  patients  with  PERP  AA  genotype  that  are 
older  than  5 1  years  and  are  stage  2  or  higher  may  benefit  from  mastectomy  over  breast 
conserving  surgery  to  improve  their  RFS.  A  larger  sample  sizes  is  required  to  confirm 
these  findings.  Similarly,  effects  associated  with  specific  hormonal  therapies,  specific  site 
of  recurrence  or  use  of  trastuzumab  was  limited  by  number  of  cases.  Finally,  it  is  not 
clear  whether  the  data  could  be  generalized  to  other  populations  based  on  the  unique 
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genotype  distribution  in  Caucasians  as  compared  with  other  ethnic  groups  and  differing 


genetic  background  in  other  populations. 
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Figure  1:  Kaplan-Meier  recurrence-free  survival  analyses  of  A)  all  Caucasian  cases,  B) 
Caucasian  cases  undergoing  BCS+XRT,  and  C)  Caucasian  cases  undergoing 
mastectomy-XRT,  stratified  according  to  the  genotype  at  PERP  SNP  locus  rs2484067  as 
AA  and  GG/AG,  are  represented.  The  p-values  are  by  log  rank  test. 

Figure  2:  Kaplan-Meier  recurrence-free  survival  analysis  of  Caucasian  cases  A)  below 
51  and  B)  at  or  above  51  years  at  the  time  of  diagnosis  divided  based  on  the  genotype  at 
PERP  SNP  locus  rs2484067  as  AA  and  GG/AG  is  represented.  The  p-values  are  by  log 
rank  test. 

Figure  3:  Kaplan-Meier  recurrence-free  survival  analysis  of  Caucasian  cases  with  A) 
stage  1,  B)  stage  2,  and  C)  stage  3  breast  cancer  at  diagnosis,  stratified  according  to  the 
genotype  at  PERP  SNP  locus  rs2484067  as  AA  and  GG/AG  is  represented.  The  p-values 
are  by  log  rank  test. 

Figure  4:  Haplotype  structure  of  PERP.  The  PERP  locus  rs2484067  was  evaluated  in  this 
study.  Haplotype  frequencies  for  the  major  haplotypes  are  represented  on  the  right  for  each 
allele  of  rs2484067. 
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Table  1.  Subject  and  tumor  characteristics  by  PERP  genotype3 


AA 

(n=  187) 

AG/GG 
(n=  563) 

All  subjects 
(n=  750) 

p-valueb 

Age  groups,  % 

<40 

16.6 

17.4 

17.2 

0.127 

40-50 

33.2 

29.5 

30.4 

50-60 

32.1 

26.1 

27.6 

60-70 

11.2 

18.1 

16.4 

>70 

7.0 

8.9 

8.4 

Histological  subtype,  % 
Ductal 

75.0 

73.0 

73.5 

0.788 

Lobular 

10.7 

10.7 

10.7 

Other 

14.3 

16.3 

15.8 

Stage  at  diagnosis,  % 

0 

10.1 

11.8 

11.4 

0.006 

I 

30.7 

43.9 

40.6 

II 

43.6 

33.5 

36.0 

III 

15.6 

10.8 

12.0 

Definitive  surgery,  % 
BCS  plus  XRT 

58.4 

61.1 

60.4 

0.361 

BCS  alone 

2.0 

4.6 

3.9 

Mastectomy  plus  XRT 

18.8 

15.6 

16.4 

Mastectomy  alone 

20.8 

18.7 

19.2 

ER-positive,  % 

75.1 

76.5 

76.1 

0.716 

PR-positive,  % 

62.4 

63.9 

63.5 

0.710 

HER2-positive,  % 

19.0 

20.1 

19.7 

0.785 

Chemotherapy 

Yes 

70.1 

63.2 

64.9 

0.107 

No 

29.9 

36.8 

35.1 

Hormonal  therapy 

Yes 

73.7 

73.3 

73.4 

0.905 

No 

26.3 

26.8 

26.6 

a  This  cohort  was  derived  from  a  total  number  of  1020  cases.  Numbers  represent  cases  for 
which  the  variable  of  interest  was  known.  Only  cases  with  all  known  variables  were 
included  in  analyses. 

b  p-value  based  on  chi-square  test  comparing  the  variable  distribution  between  PERP 
genotype  AA  vs.  AG/GG. 
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Table  2:  Recurrence-free  survival  (RFS)  by  PERP  genotype  as  a  function  of 
definitive  surgery,  radiation,  hormone  therapy,  and  chemotherapy. 


Factor 

_ Type _ 

HR 

(Unadjusted) 

95%CI 

lower 

95%CI 

upper 

P- 

value 

HRa 

(Adjusted) 

95%CI 

lower 

95%CI 

upper 

P- 

value 

Definitive 

surgery 

BCS+xrt 

2.23 

1.29 

3.83 

0.004 

1.94 

1.12 

3.35 

0.018 

BCS-xrt 

3.84 

0.34 

43.38 

0.277 

- 

- 

- 

- 

Mastectomy+xrt 

1.71 

0.88 

3.30 

0.111 

1.76 

0.88 

3.51 

0.108 

Mastectomy-xrt 

1.67 

0.63 

4.39 

0.301 

1.36 

0.46 

4.03 

0.576 

Hormone 

Therapyb 

Yes 

1.94 

1.09 

3.45 

0.025 

1.57 

0.86 

2.87 

0.145 

No 

2.42 

1.07 

5.46 

0.033 

2.40 

1.04 

5.52 

0.041 

Chemotherapy*3 

Yes 

2.02 

1.22 

3.37 

0.007 

1.80 

1.05 

3.07 

0.032 

No 

1.11 

0.24 

5.21 

0.898 

1.31 

0.28 

6.17 

0.737 

a:  HR  adjusted  for  stage  at  diagnosis. 

b:  Analysis  includes  only  those  patients  undergoing  either  BCS+XRT  and  Mastectomy-XRT. 
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Table  3:  Effect  of  PERP  AA  genotype  on  recurrence-free-survival  (RFS)  of  various 
subgroups  among  Caucasian  cases 


Factor 

Type 

HR 

(Crude) 

.  95%CI 
lower 

95%CI 

upper 

p-value 

HR 

(Adjustedb) 

95%CI 

lower 

95%CI 

upper 

p-value 

Stage  at 
diagnosis 

0 

2.39 

0.39 

14.35 

0.341 

0 

0 

0.99 

_ 

1 

2.13 

0.92 

4.93 

0.079 

1.99 

0.82 

4.79 

0.127 

2 

1.45 

0.70 

2.99 

0.316 

1.45 

0.70 

2.99 

0.318 

3 

3.10 

0.79 

12.23 

0.106 

3.02 

0.77 

11.91 

0.114 

ER  Status 

Positive 

2.44 

1.32 

4.52 

0.005 

1.85 

0.95 

3.62 

0.071 

Negative 

1.79 

0.77 

4.15 

0.175 

1.64 

0.68 

3.97 

0.272 

PR  Status 

Positive 

1.89 

0.89 

4.04 

0.099 

1.69 

0.77 

3.69 

0.192 

Negative 

2.17 

1.13 

4.15 

0.020 

1.69 

0.85 

3.39 

0.134 

Her2  Status 

Positive 

1.12 

0.23 

5.39 

0.888 

1.37 

0.24 

7.81 

0.723 

Negative 

2.03 

1.12 

3.68 

0.020 

1.77 

0.95 

3.31 

0.072 

a:  Analysis  includes  only  those  patients  undergoing  either  BCS+XRT  and  Mastectomy-XRT. 
b:  HR  adjusted  for  chemotherapy  and  stage  at  diagnosis,  except  for  stage  at  diagnosis 
which  only  chemotherapy  is  adjusted. 
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Murine  double  minute  4  (MDM4)  shares  significant  structural  ho¬ 
mology  with  murine  double  minute  2  (MDM2)  and  interacts  and 
regulates  transcriptional  activity  of  the  tumor  suppressor  p53.  In 
tumors  with  wild-type  p53,  there  is  often  overexpression  of  MDM2 
or  MDM4  leading  to  functional  inactivation  of  p53.  A  single¬ 
nucleotide  polymorphism  (SNP)  in  the  promoter  of  human 
MDM2  (SNP309)  was  shown  to  associate  with  increased  MDM2 
expression  and  increased  risk  of  cancer.  This  study  evaluated  the 
association  of  a  SNP  in  human  MDM4  (C>T)  with  age  of  onset  of 
breast  cancer  in  two  independent  cohorts.  In  cohort  1  of  675  pa¬ 
tients,  the  average  age  of  diagnosis  for  women  with  estrogen  re¬ 
ceptor  (ER)-positive  and  ER-negative  breast  cancers  was  53.2  and 
48  years,  respectively.  In  this  cohort,  homozygous  variant  (TT) 
carriers  developed  ER-negative  carcinomas  at  an  earlier  age  than 
homozygous  wild-type  (CC)  or  heterozygous  (TC)  such  that  the  age 
at  diagnosis  was  accelerated  by  5.0  years  ( P  =  0.018).  This  associ¬ 
ation  was  validated  in  a  second  cohort  of  breast  cancer  patients 
(n  —  148),  where  TT  carriers  with  ER-negative  cancer  developed 
the  disease  3.8  years  earlier  than  CC  carriers  ( P  —  0.006).  The 
effect  was  more  pronounced  in  Caucasians  with  ER-negative  ductal 
carcinomas  with  TT  homozygotes  developing  disease  7.5  years 
( P  =  0.031)  and  6.2  years  (P  —  7  x  10  5)  earlier  than  CC  carriers 
in  cohorts  1  and  2,  respectively.  No  association  was  seen  in  ER-- 
positive  ductal  cancers  suggesting  that  the  SNP  in  MDM4  only  has 
a  functional  association  in  ER-negative  breast  cancer. 


Introduction 

The  ubiquitous  role  of  p53  in  multiple  signaling  pathways  and  re 
sponse  to  cell  stress  underlines  its  role  as  a  tumor  suppressor  (1). 
Complex  protein  interactions  regulate  the  activity  and  expression  of 
the  p53  protein  (2).  Murine  double  minute  2  (MDM2),  the  key  regu 
lator  of  p53,  not  only  binds  and  inhibits  the  p53  transcriptional 
domain  (3,4)  but  also  catalyzes  p53  ubiquitination  by  virtue  of  its 
RING  (really  interesting  new  gene)  dependent  E3  ligase  activity 
and  marks  p53  for  proteasomal  degradation  (5,6).  The  structurally 
homologous  protein  murine  double  minute  4  (MDM4)  also  binds  to 
the  transactivation  domain  of  p53,  inhibiting  its  activity  (7).  However, 
there  are  conflicting  reports  about  the  role  of  MDM4  in  regulating  p53 
protein  stability.  While  it  has  been  reported  that  overexpression  of 
MDM4  inhibits  MDM2  mediated  p53  degradation  thus  stabilizing 
p53  (8  11),  there  is  also  evidence  that  MDM4  stimulates  MDM2 
mediated  p53  ubiquitination,  MDM2  auto  ubiquitination  (12)  and 
contributes  to  MDM2  E3  ubiquitin  ligase  activity  (13,14). 

Abbreviations:  ER,  estrogen  receptor;  MDM2,  murine  double  minute  2; 
MDM4,  murine  double  minute  4;  SNP,  single  nucleotide  polymorphism. 


Mouse  knockout  studies  have  shed  significant  light  on  the  dynam 
ics  of  the  p53  MDM2  MDM4  interaction  and  have  highlighted  the 
biological  role  of  these  molecules  during  embryonic  development  as 
well  as  oncogenesis.  Whereas  the  p53  null  mouse  is  viable  and 
prone  to  oncogenesis  (15),  the  Mdm2  single  knockout  exhibits 
a  p53  dependent  early  embryonic  lethal  phenotype  as  evidenced 
by  excessive  apoptosis,  which  in  turn  is  rescued  with  p53  knockout 
(16,17).  Similarly,  the  Mdn\4  knockout  in  mice  results  in  p53 
dependent  embryonic  lethality  with  defects  in  proliferation  and 
not  apoptosis  but  also  becomes  viable  in  a  p53  null  background 
(18  20).  The  distinct  phenotypes  seen  in  Mdm2  and  Mdm4  null 
mice  suggest  that  MDM2  and  MDM4  have  non  overlapping  roles 
in  p53  regulation  (20).  This  is  further  supported  by  the  fact  that 
deletion  of  Bax,  a  proapoptotic  gene,  marginally  delays  the  embry 
onic  lethality  of  Mdm2  null  mice  (21,22),  whereas  the  lethality  in 
Mdm4  null  mice  is  partially  rescued  by  deletion  of  p21  (23).  How 
ever,  recent  evidence  suggests  that  the  MDM4  deficiency  can  be 
completely  rescued  by  Mdm2  transgene  revealing  functional  over 
lap  of  MDM2  and  MDM4  during  development  (24).  Lastly,  mice 
lacking  p53,  Mdm2  and  Mdm4  are  viable  but  are  susceptible  to 
tumorigenesis  similar  to  that  of  p53  /  mice  (25). 

It  is  a  well  established  fact  that  the  human  MDM2  gene  is  amplified 
to  high  copy  numbers  or  overexpressed  in  a  wide  variety  of  human 
cancers  (26  28).  The  majority  of  these  malignancies  possess  wild 
type  p53,  with  functional  inactivation  of  p53  due  to  overexpression  of 
MDM2.  The  human  MDM4  gene  is  also  amplified  or  overexpressed  in 
a  subset  of  malignant  gliomas,  soft  tissue  sarcomas  and  retinoblasto 
mas  (29  31).  Tumors  showing  absence  of  p53  mutations  or  MDM2 
amplification  often  display  MDM4  overexpression  as  an  alternative 
and  independent  molecular  mechanism  for  tumorigenesis.  The 
overall  data  support  the  hypothesis  that  deregulated  expression  of 
MDM2  or  MDM4  leads  to  functional  inactivation  of  wild  type  p53 
and  carcinogenesis. 

Earlier  age  onset  breast  cancer  is  more  probably  to  have  genetic 
associations,  yet  most  women  with  breast  cancer  do  not  have  muta 
tions  in  known  breast  cancer  susceptibility  genes  (32,33).  Our  labo 
ratory  has  previously  reported  a  single  nucleotide  polymorphism 
(SNP)  located  in  the  promoter  region  of  human  MDM2,  known  as 
SNP309,  associating  with  higher  protein  expression,  but  only  in  the 
presence  of  active  estrogen  signaling  (34  36).  Furthermore,  the  pres 
ence  of  the  variant  associates  with  early  onset  of  estrogen  receptor 
(ER)  positive,  but  not  ER  negative  breast  cancers  (34).  A  recent  report 
described  the  haplotype  structure  and  correlation  between  SNPs  in 
MDM4  with  risk  of  breast  and  ovarian  cancers  (37).  In  this  study,  the 
association  of  a  SNP  in  MDM4  with  clinical  phenotypes  of  breast 
cancer,  in  particular  age  of  onset  of  breast  cancer  based  on  tumor 
subtype,  was  evaluated. 

Materials  and  methods 

Subjects 

Cases  consisted  of  two  cohorts.  Cohort  1  was  derived  from  consecutive 
patients  evaluated  at  The  Cancer  Institute  of  New  Jersey  who  were  invited 
to  participate  in  this  prospective  study  from  2004  to  2009.  Greater  than  95% 
of  eligible  individuals  gave  consent  for  participation.  Eligibility  included 
a  history  of  biopsy  proven  breast  cancer  verified  by  pathology  records  and 
confirmed  on  review  by  our  institutional  breast  pathologist.  In  <5%  of  cases, 
slides  were  not  available  for  review  and  pathological  features  were  based  on 
available  pathology  reports  from  other  institutions.  Clinical  information  was 
abstracted  through  chart  review.  ER  staining  <10%  was  considered  negative. 
BRCA1/2  testing  was  performed  where  clinically  indicated.  Patients  with 
known  BRCA1/2  mutations  were  excluded  from  age  association  analyses 
due  to  potential  confounding  bias.  Investigations  were  performed  with  ap 
proval  by  the  University  of  Medicine  and  Dentistry  of  New  Jersey/Robert 
Wood  Johnson  Medical  School  Institutional  Review  Board. 
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Cohort  2,  an  independent  group  of  cases,  consisted  of  individuals  evaluated 
and  enrolled  consecutively  through  an  institutional  review  board  approved 
protocol  at  Yale  Medical  School  from  1996  to  2007.  This  cohort  included 
148  patients  treated  with  conservative  surgery  and  radiation  therapy  to  the 
intact  breast  who  were  <52  years  at  the  time  of  diagnosis.  All  patients  in  this 
cohort  had  lumpectomy  followed  by  radiation  therapy  to  the  intact  breast  for 
early  stage  I  or  II  breast  cancer.  Clinical  information  was  obtained  from  clinical 
records,  de  identified  and  stored  in  a  clinical  database. 

Genotyping 

Genomic  DNA  was  extracted  from  1  ml  of  peripheral  blood,  obtained  through 
venipuncture,  using  a  spin  column  based  method  according  to  manufac 
hirer’ s  protocol  (QIAGEN,  Valencia,  CA).  Genotyping  for  the  human 
MDM4  SNP  (rs  1563828)  was  performed  using  an  Applied  Biosystems  Taq 
Man  assay  on  the  ABI  7000  Sequence  Detection  System  (Applied  Biosys 
terns,  Foster  City,  CA).  Briefly,  reactions  were  performed  with  5  10  ng 
genomic  DNA  in  a  20  pi  vol.  PCR  cycling  conditions  were  50°C  for  2 
min,  95°C  for  10  min,  followed  by  40  cycles  of  92°C  for  15  s  and  60°C 
for  1  min.  The  assay  failed  in  <1%  of  cases.  The  alleles  at  the  locus  are  C  and 
T  where  T  is  defined  as  the  ancestral  allele. 

Statistical  analysis 

A  permutation  test  (108  permutations)  was  performed  to  determine  the  statis 
tical  significance  of  differences  in  mean  age  at  diagnosis  between  different 
genotype  groups  (e.g.  CC  or  CT  versus  TT  homozygous).  This  test  was  chosen 
because  it  is  non  parametric,  making  no  assumptions  about  the  age  of  diagno 
sis  distribution.  The  statistical  significance  in  categorical  values  was  deter 
mined  using  Fischer’s  exact  test.  The  associated  odds  ratio  and  95% 
confidence  interval  were  computed  using  a  Bayesian  estimate  for  the  odds 
ratio  posterior  distribution. 

Results 

The  polymorphic  locus  in  human  MDM4  tags  a  haplotype  under 
recent  natural  selection 

A  recent  report  indicates  that  a  major  haplotype  of  the  human  MDM4 
gene  has  undergone  recent  selection  in  the  Caucasian  population  (37). 
This  haplotype  is  tagged  by  several  SNPs  across  the  MDM4  gene  that 
are  in  high  linkage  disequilibrium  (37),  including  the  polymorphic 
locus  rs  1563828  located  within  intron  10.  To  confirm  this,  the  haplo 
type  structure  of  the  human  MDM4  gene  in  the  Caucasian  population 
was  analyzed.  To  this  end,  genotypes  from  the  HapMap  project  [http:// 
www.hapmap.org]  were  used,  specifically  for  the  HapMap  CEU  sam 
pies  (Centre  d’Etude  du  Polymorphisme  Humain)  representing  90  Utah 
residents  with  ancestry  from  northern  and  western  Europe.  Fifteen 
SNPs  were  found  to  be  in  linkage  disequilibrium  with  rs  1563 828 
(normalized  mutual  information  above  0.7).  These  linked  SNPs  include 
13  within  the  MDM4  gene  and  two  downstream  (Figure  1)  with  two 


major  haplotypes  accounting  for  95.5%  of  the  genotypes  observed  in 
the  CEU  samples.  More  importantly,  these  two  haplotypes  are  tagged 
by  the  genotype  at  rsl563828:  the  C  allele  and  T  allele  containing 
haplotypes  being  70  and  25.5%,  respectively.  In  practice,  this  means 
that,  with  95.5%  confidence,  whenever  the  C  or  T  alleles  are  observed, 
the  associated  haplotype  is  actually  being  observed.  Furthermore,  any 
association  found  between  the  genotype  at  rs  1563 828  and  clinical  phe 
notypes  is  in  fact  an  association  between  the  haplotype  and  the  clinical 
variable.  Based  on  these  findings,  the  SNP  locus  was  selected  for 
genotyping  in  the  two  breast  cancer  cohorts. 

Patient  characteristics  and  human  MDM4  genotypes  in  the  two  study 
cohorts 

The  demographics  of  both  cohorts  are  depicted  in  Table  I.  The  data 
demonstrate  that  the  majority  of  women  were  Caucasian  and  the 
majority  of  cases  were  of  ductal  origin  in  both  groups.  Overall  in 
cohort  1,  the  average  age  at  diagnosis  was  51.9  years  where  half  of 
women  were  diagnosed  <51  of  age;  the  average  age  of  menopause 
for  women  in  the  USA  (38).  In  cohort  2  that  predominantly  consisted 
of  women  diagnosed  with  breast  cancer  at  a  younger  age,  the  average 
age  at  diagnosis  was  38.8  years.  While  nearly  75%  of  breast  cancers  in 
cohort  1  were  positive  for  ER,  cohort  2  had  nearly  equal  representa 
tion  of  ER  positive  and  negative  breast  cancers.  The  latter  group 
reflects  the  higher  propensity  of  early  onset  breast  cancer  to  be  ER 
negative. 

As  distribution  of  genotype  frequencies  may  be  population  spe 
cific,  MDM4  genotype  frequencies  were  analyzed  by  race  (Table  II). 
Consistent  with  the  ancestral  allele  information  [dbSNP:  (http:// 
www.ncbi.nlm.nih.gov/sites/entrez)],  the  T  allele  was  more  preva 
lent  in  African  American  women  in  both  cohorts.  The  major  allele 
in  Caucasians  was  the  C  allele.  Although  MDM4  genotypes  had 
population  specific  frequencies,  these  frequencies  did  not  deviate 
from  Hardy  Weinberg  Equilibrium  except  in  African  Americans  in 
both  the  cohorts. 

Because  of  the  age  association  with  hormone  receptor  status  (39), 
the  frequency  of  MDM4  genotypes  in  ER  negative  and  ER  positive 
breast  cancers  was  evaluated.  The  distribution  of  C  and  T  allele 
frequencies  for  ER  positive  and  ER  negative  breast  cancers  was  not 
statistically  significant  in  both  the  cohorts  (data  not  shown).  Because 
breast  cancer  represents  a  very  heterogenous  disease,  the  distribution 
of  genotype  frequencies  among  the  different  cancer  subtypes,  such  as 
ductal  carcinoma  in  situ,  invasive  ductal  carcinomas,  invasive  lobular 
carcinomas  and  other  subtypes,  was  examined  as  well.  There  was 
no  significant  allele  enrichment  by  breast  cancer  subtype  (data 
not  shown). 
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Fig.  1.  The  haplotype  structure  of  human  MDM4  gene.  The  introns  and  exons  in  human  MDM4  are  denoted  in  gray  and  black,  respectively.  The  SNP  rs  1563828 
present  in  intron  10  is  marked  by  an  arrow  and  is  in  linkage  disequilibrium  with  15  other  SNP  loci,  13  within  the  MDM4  gene  and  two  downstream.  The  possible 
haplotypes  and  their  frequencies  in  HapMap  CEU  population  are  shown.  Two  major  haplotypes  (70  and  25.5%)  are  observed  in  Caucasians,  each  tagged  by  the  two 
alleles  (C  or  T)  of  this  SNP. 
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Table  I.  Demographics  of  breast  cancer  patients  enrolled  in  the  CINJ  cohort 
(Cohort  1 )  and  Yale  cohort  (Cohort  2) 


Cohort  1 

Cohort  2 

Cases 
( n ) 

Percentage 

(%) 

Cases 

(«) 

Percentage 

(%) 

Ethnicity 

African  American 

40 

5.9 

45 

30.4 

Asian 

26 

3.9 

0 

0.0 

Caucasian 

564 

83.6 

98 

66.2 

Hispanic 

45 

6.7 

0 

0.0 

Other 

0 

0.0 

5 

3.4 

Total 

675 

100.0 

148 

100.0 

Type  of  breast  cancer 

DCIS 

35 

5.2 

12 

8.1 

IDC 

538 

79.7 

121 

81.8 

ILC 

72 

10.7 

4 

2.7 

Others:  colloid,  medullary, 

30 

4.4 

11 

7.4 

metaplastic 

Age  at  diagnosis  (in  years) 

Mean 

Median 

Range 

51.9 
50.5 
19  89 

38.8 
40.0 
25  52 

ER  status 

Negative 

170 

25.2 

78 

52.7 

Positive 

505 

74.8 

70 

47.3 

DCIS,  ductal  carcinoma  in  situ: 

;  IDC,  invasive  ductal 

carcinoma; 

ILC, 

invasive  lobular  carcinoma. 

Table  II.  Distribution  of  genotype  and  allelic  frequencies  for  MDM4  SNP 
by  race 


Genotype  frequency  (%)  Allele  frequency  (%) 


CC 

TC 

TT 

C 

T 

Cohort  1 

Race 

Caucasian 

0.40 

0.49 

0.11 

0.64 

0.36 

African  American 

0.20 

0.30 

0.50 

0.35 

0.65 

Asian 

0.46 

0.42 

0.12 

0.67 

0.33 

Hispanic 

0.27 

0.53 

0.20 

0.67 

0.40 

Cohort  2 

Race 

Caucasian 

0.39 

0.42 

0.19 

0.60 

0.40 

African  American 

0.13 

0.22 

0.65 

0.24 

0.76 

Other 

1.00 

0.00 

0.00 

1.00 

0.00 

The  TT  genotype  associates  with  an  earlier  age  at  diagnosis  of  ER 
negative  breast  cancers 

Age  of  onset  analyses  in  cohort  1  revealed  that  African  American  and 
Hispanic  women  were  diagnosed  at  an  earlier  age  than  Caucasian  and 
Asian  women  (Table  III;  P  —  0.0045).  In  contrast,  Caucasian  women 
were  diagnosed  earlier  than  African  American  women  in  the  second 
cohort  (Table  III;  P  =  3.59  x  10~6).  Overall  and  as  expected,  ER 
negative  breast  cancers  were  diagnosed  at  an  earlier  age  as  compared 
with  ER  positive  breast  cancers  regardless  of  MDM4  genotype  in 
cohort  1.  Of  note,  African  Americans  were  diagnosed  with  ER 
positive  breast  cancers  at  an  age  earlier  than  those  with  ER  negative 
disease  in  this  cohort.  This  difference  was  not  significant  and  probably 
reflects  one  outlier  diagnosed  with  an  ER  negative  breast  cancer  in  her 
70s.  The  average  at  diagnosis  was  similar  in  cohort  2  irrespective  of 
hormone  receptor  status  (Table  III).  The  vast  majority  of  ER  negative 
breast  cancers  were  of  ductal  origin  and  invasive  in  both  the  cohorts 
(data  not  shown). 


Table  III.  Distributions  of  mean  age  at  diagnosis  grouped  by  race,  MDM4 
genotype  and  ER  status  in  Cohorts  1  and  2 

Cohort  1  Cohort  2 


Age  in  years  by  ER  status  Age  in  years  by  ER  status 


All  ER 

ER 

ER+ 

All  ER 

ER 

ER+ 

Race 

Caucasian 

52.4 

48 

53.8 

37.2 

37.4 

37.0 

African  American  48.4 

50.6 

47.6 

42.3 

42.3 

42.3 

Asian 

51.9 

51.2 

52.1 

Hispanic 

Other 

48.9 

45.3 

50.9 

40.2 

40.2 

Genotype 

CC 

51.8 

48.9 

52.7 

39.7 

41.0 

38.7 

TC 

52.5 

48.7 

53.8 

38.8 

41.3 

36.6 

TT 

50.1 

43.8 

52.6 

38.0 

37.2 

39.6 

The  mean  age  at  diagnosis  by  genotype  without  grouping  by  ER 
status  demonstrated  no  significant  difference  in  both  the  cohorts 
(Table  III).  However,  subgroup  analysis  of  age  at  diagnosis  by  geno 
type  and  ER  status  revealed  distinct  differences  with  women  homo 
zygous  for  the  T  allele  demonstrating  an  earlier  mean  age  at  diagnosis 
of  ER  negative  breast  cancer  compared  with  women  homozygous  for 
the  C  allele  (Table  III).  The  mean  age  of  onset  for  TC  genotype 
carriers  was  not  significantly  different  from  CC  carriers  in  both  the 
cohorts.  The  most  significant  increase  occurred  between  the  TT  and 
CC+TC  groups,  with  a  difference  in  mean  age  at  diagnosis  of 
5.0  years  ( P  =  0.018)  in  cohort  1  and  a  difference  of  3.8  years 
(P  —  0.006)  in  cohort  2.  Finally,  when  comparing  alleles,  it  was 
observed  that  the  T  allele  associates  with  a  mean  age  at  diagnosis 
2.0  years  earlier  than  C  allele  ( P  =  0.053)  in  cohort  1  and  2.8  years 
(P  =  0.002)  earlier  in  cohort  2.  In  contrast,  no  genotype  specific 
difference  in  age  at  diagnosis  was  observed  for  ER  positive  breast 
cancer  in  either  cohort  (Table  III;  P  >  0.05). 

As  a  consequence  of  population  specific  genotype  frequencies,  po 
tential  differences  due  to  genetic  background  and  breast  cancer  char 
acteristics,  any  analysis  made  pooling  together  all  samples  may  be 
misleading.  One  would  conclude  that  the  TT  genotype  associates  with 
an  earlier  age  at  diagnosis  in  ER  negative  breast  cancers  independent 
of  ethnicity.  However,  this  may  be  a  consequence  of  the  fact  that  the 
majority  of  cases  are  of  Caucasian  origin.  To  reduce  the  heterogeneity 
in  the  study  population  and  any  age  specific  differences  due  to  breast 
cancer  subtypes  and/or  ethnicity,  samples  were  stratified  into  groups 
with  the  same  cancer  subtype  and  ethnic  background.  However,  only 
the  group  of  ductal  carcinomas  (patients  with  ductal  carcinoma  in  situ 
and  invasive  ductal  carcinoma)  in  Caucasian  women  was  represented 
by  a  significant  number  of  samples  in  both  the  cohorts  (n  =  476  in 
cohort  1  and  n  =  90  in  cohort  2).  Thus,  the  association  between  the 
genotype  and  the  age  at  diagnosis  of  ductal  carcinomas  was  evaluated 
in  Caucasian  women.  For  ER  positive  ductal  carcinomas  in  Cauca 
sian  females,  there  was  no  statistically  significant  association  be 
tween  any  of  the  MDM4  genotypes  and  the  age  of  diagnosis 
(Figure  2A  and  B).  For  the  homozygous  wild  type  (CC),  the  hetero 
zygote  (CT)  and  the  homozygous  variant  (TT),  the  mean  age  at 
diagnosis  were  52.7,  53.5  and  53.8  years,  respectively,  in  cohort  1 
(P  >  0.3)  and  38.1,  36.0  and  36.2  years,  respectively,  in  cohort  2 
( P  =  0.17).  However,  there  was  a  left  shift  in  the  cumulative  in 
cidence  curve  for  ER  negative  ductal  cancers  corresponding  to 
a  7.5  year  earlier  onset  in  women  homozygous  for  TT  (41.7  years) 
as  compared  with  the  CC  homozygote  (49.2  years;  P  =  0.031)  in 
cohort  1  (Figure  2C).  Similarly,  there  was  a  6.2  year  earlier  onset  in 
TT  carriers  (33.2  years)  as  compared  with  CC  carriers  (39.4  years; 
P  —  7  x  10-5)  in  the  second  cohort  (Figure  2D).  Finally,  when 
comparing  alleles,  the  T  allele  associates  with  a  mean  age  of  di 
agnosis  2.9  years  earlier  than  C  allele  ( P  =  0.017)  in  cohort  1  and 
4.0  years  earlier  than  C  allele  (P  =  lx  10-4)  in  cohort  2. 
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Fig.  2.  The  TT  genotype  of  human  MDM4  associates  with  an  accelerated  age  of  onset  of  ER  negative  but  not  ER  positive  ductal  breast  cancers  in  Caucasian 
women.  The  cumulative  incidence  of  cancer  for  individuals  with  TT  genotype  (black  triangles),  TC  (dark  gray  squares)  or  CC  genotype  (light  gray  diamonds) 
is  plotted  as  a  function  of  age  at  diagnosis.  The  analysis  was  limited  to  a  sample  size  of  476  patients  (cohort  1)  and  90  patients  (cohort  2)  consisting  of 
Caucasian  women  with  ductal  breast  cancers.  Panels  (A  and  B)  depict  ER  positive  and  panels  (C  and  D)  represent  ER  negative  ductal  breast  cancers  from 
cohorts  1  and  2,  respectively. 


The  MDM4  TT  genotype  shows  enrichment  in  ER  negative  breast 
cancers  developing  at  a  younger  age 

Because  the  risk  for  breast  cancer  is  related  to  age  at  menopause,  the 
data  from  cohort  1  were  also  analyzed  to  evaluate  the  genotype 
specific  risk  of  developing  ER  negative  breast  cancer  before  5 1  years, 
the  average  age  of  menopause  in  USA  (38).  Thus,  women  diagnosed 
with  cancer  at  >51  years  were  used  as  a  comparison  group  for  the 
cases  diagnosed  at  an  earlier  age  (Figure  3).  The  genotype  frequencies 
for  the  <5 1  year  old  cohort  were  29%  CC,  49%  TC  and  21%  TT.  For 
those  >51  years  at  diagnosis,  that  distribution  was  44,  48  and  8%, 
respectively.  This  indicates  that  there  was  enrichment  of  the  TT 
genotype  in  the  younger  age  group  as  compared  with  the  older  age 
group  (P  =  0.021,  one  tailed  Fischer’s  exact  test).  The  odds  ratio  of 
4.6  and  95%  confidence  interval  [0.94  10.42]  demonstrates  an  in 
creased  risk  for  developing  ER  negative  breast  cancer  under  age 
5 1  years  for  TT  over  CC  genotypes.  Furthermore,  while  5 1  and  63% 
of  Caucasian  women  carrying  the  CC  or  TC  genotypes,  respectively, 
were  diagnosed  with  ER  negative  ductal  breast  cancers  by  the  age  of 
51,  87%  carrying  the  TT  genotype  were  diagnosed  by  age  51  years 
{P  —  0.026,  one  tailed  Fischer’s  exact  test).  This  corresponded  to  an 
odds  ratio  =  12.5,  95%  confidence  interval  (1.14  28.6)  where  the 
TT  genotype  associated  with  a  higher  risk  of  developing  ER  negative 
ductal  breast  cancers  in  Caucasian  women  before  age  51. 

The  second  cohort,  which  is  particularly  enriched  in  women  di 
agnosed  with  breast  cancer  before  the  age  of  5 1  years,  also  demon 
strated  a  similar  trend  in  age  at  diagnosis  when  this  cohort  was 
stratified  into  women  diagnosed  with  ER  negative  breast  cancer  be 
fore  the  age  of  40  years  or  >40  years.  The  cut  off  of  40  years  was 
chosen  since  that  was  the  median  age  at  diagnosis  in  cohort  2  by  when 
~50%  women  were  diagnosed  with  breast  cancer.  The  genotype  fre 
quencies  for  the  <40  year  old  cohort  were  17%  CC,  25%  TC  and 
58%  TT  and  those  for  >40  years  at  diagnosis  were  38%  CC,  36%  TC 


Fig.  3.  The  TT  genotype  of  human  MDM4  is  enriched  in  ER  negative  breast 
cancers  developing  at  a  younger  age.  Genotype  frequencies  were  calculated 
for  women  developing  ER  negative  breast  cancers  before  age  5 1  and  at 
age  5 1  and  older  including  all  ethnicities  and  cancer  subtypes  from  cohort  1 . 
CC  represents  the  wild  type  and  TT  the  homozygous  variant. 


and  26%  TT,  respectively,  confirming  the  enrichment  of  TT  genotype 
in  younger  patients  (P  —  0.0039).  Similarly,  40  and  50%  Caucasian 
women  carrying  CC  or  TC  genotypes  were  diagnosed  with  ER 
negative  ductal  cancers  by  the  age  of  40  years,  by  which  time  92% 
of  the  TT  carriers  had  the  disease  (P  —  0.0056).  Taken  together,  the 
data  suggest  that  women  carrying  the  T  allele  or  homozygous  for  this 
variant  are  at  increased  risk  of  developing  ER  negative  breast  cancer 
at  a  younger  age.  There  were  no  differences  noted  in  the  development 
of  ER  positive  breast  cancer,  even  when  looking  at  ductal  and  lobular 
breast  cancers  separately  (data  not  shown). 
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Discussion 

In  this  descriptive,  case  only  study  design  of  breast  cancer  patients, 
a  SNP  located  in  an  intronic  region  of  MDM4  (rsl563828),  was  found 
to  be  associated  with  earlier  age  at  diagnosis  of  ER  negative  breast 
cancers,  but  not  ER  positive  breast  cancers.  To  our  knowledge,  this  is 
the  first  study  describing  such  an  association.  Although  these  studies 
identify  an  association  with  a  single  SNP,  by  virtue  of  being  in  pos 
sible  linkage  disequilibrium  with  a  different  locus,  an  alternative  locus 
may  represent  the  true  functional  polymorphism.  The  haplotype  struc 
ture  including  other  SNP  loci  in  MDM4  that  are  linked  to  this  poly 
morphism  supports  this  hypothesis  (37).  MDM4  represents  an 
attractive  candidate  for  study  of  potentially  functional  polymorphisms 
due  to  its  role  in  the  p53  pathway.  Our  laboratory  had  similarly  eval 
uated  a  SNP  in  the  human  MDM2  gene  known  as  SNP309  that  asso 
ciated  with  increased  levels  of  MDM2  and  increased  risk  of 
tumorigenesis  in  familial  as  well  as  sporadic  breast  cancers  (34,35). 
It  was  further  demonstrated  that  this  polymorphism  also  associated 
with  earlier  age  of  onset  of  ER  positive  but  not  ER  negative  breast 
cancers  as  well  as  other  tumors,  e.g.  diffuse  large  B  cell  lymphoma 
and  soft  tissue  sarcoma,  in  a  gender  specific  manner  (34).  The  pres 
ence  of  this  polymorphic  locus  within  an  Spl  transcription  factor 
binding  site  and  existence  of  an  estrogen  response  element  within 
10  base  pairs  of  this  locus  led  to  the  hypothesis  that  both  ER  and 
Spl  increase  MDM2  levels  through  synergistic  activation  of  the 
MDM2  promoter  (34,35,40).  This  was  further  substantiated  when 
estrogen  was  shown  to  selectively  increase  MDM2  levels  in  cells 
containing  the  G  allele  of  SNP309  (36). 

Unlike  SNP309  in  MDM2,  the  MDM4  SNP  appears  to  associate 
with  earlier  age  at  diagnosis  of  ER  negative  breast  cancer.  However, 
the  SNP  is  not  associated  with  an  increased  risk  of  developing  this 
subtype  of  breast  cancer  over  ER  positive  disease.  A  growing  body  of 
literature  supports  the  hypothesis  that  ER  positive  and  ER  negative 
breast  cancers  derive  from  different  progenitor  or  breast  stem  cells 
(41,42).  Altered  expression  of  MDM4  may  more  effectively  disrupt 
normal  homeostasis  in  a  cell  type  dependent  manner,  e.g.  mammary 
stem  cell/progenitor  or  ER  negative  duct  epithelial  cell,  or  in  a  de 
velopmental  time  point  specific  manner. 

In  general,  ER  negative  breast  cancers  are  thought  to  have  higher 
genomic  instability  (43).  DNA  repair  occurs  when  cells  are  in  cell 
cycle  arrest  mediated  by  p53.  If  MDM4  directly  binds  p21  and  dis 
rupts  p21  (44)  in  addition  to  p53,  this  may  help  explain  the  propensity 
of  this  MDM4  genotype  to  display  a  phenotype  in  ER  negative  breast 
cancers.  In  presence  of  DNA  damage,  MDM4  interacts  with  isoforms 
of  14  3  3,  which  is  achieved  through  phosphorylation  of  MDM4  at 
residue  S367  by  CHK2  kinase  (45).  The  binding  with  14  3  3  in  turn 
promotes  nuclear  import  of  MDM4  and  its  subsequent  MDM2 
dependent  ubiquitination  and  degradation,  resulting  in  p53  stabilization. 

MDM4  is  also  known  to  have  shorter  isoforms,  one  arising  from 
a  short  internal  deletion  of  68  base  pairs  and  giving  rise  to  a  truncated 
protein  known  as  MDM4  S,  and  is  better  at  binding  and  inhibiting 
p53  induced  transactivation  than  full  length  MDM4  (46).  There  is 
evidence  for  human  MDM4  gene  amplification  or  overexpression  of 
human  MDM4  S  messenger  RNA  splice  variant  in  soft  tissue  sarco 
mas,  malignant  gliomas  and  retinoblastomas  with  the  expression  of 
the  splice  variant  being  associated  with  worse  prognosis  (29  31). 
Another  isoform  of  MDM4  (MDMX),  the  MDMX211  splice  variant 
stabilizes  MDM2  (47).  It  is  possible  that  the  SNP  in  MDM4  associates 
with  expression  of  one  of  the  shorter  isoforms  of  MDM4.  The  effect 
on  splicing  could  be  a  direct  effect  of  this  SNP  or  an  indirect  effect 
mediated  through  one  of  the  linked  SNPs  within  the  haplotype.  If  this 
SNP  indeed  promotes  the  expression  of  a  shorter  MDM4  isoform  with 
more  efficient  binding  to  p53  or  MDM2  and  less  efficient  binding  to 
14  3  3,  this  would  result  in  less  degradation  of  MDM4  and  enhanced 
p53  inactivation  even  in  the  presence  of  DNA  damage. 

Both  MDM2  and  MDM4  play  distinct  but  coordinated  roles  in  p53 
regulation.  Unlike  MDM2,  MDM4  is  not  known  to  be  hormonally 
regulated  (Entrez  Gene)  despite  some  computational  predictions  for 
an  estrogen  response  element  in  the  promoter  and  first  intron  of 


MDM4  (A. Vazquez,  personal  communication).  We  hypothesize  that 
while  SNP309  of  MDM2  is  functionally  active  in  the  presence  of 
active  estrogen  signaling,  the  negative  effects  of  MDM4  become  more 
dominant  in  the  absence  of  that  active  hormone  signaling  and  the  ratio 
of  MDM4  to  MDM2  increases.  In  an  in  vitro  model  system  of  point 
mutations  in  the  C  terminus  of  MDM2,  MDM4  was  shown  to  con 
tribute  to  the  E3  function  of  MDM2  ( 14),  evidence  pointing  toward 
a  cooperative  action  between  MDM2  and  MDM4.  Furthermore,  there 
is  also  functional  overlap  between  MDM2  and  MDM4  as  evidenced 
by  complete  rescue  of  Mdm4  null  phenotype  in  mice  by  Mdm2  trans 
gene  (24).  Thus,  it  can  be  hypothesized  that  in  ER  negative  breast 
cancers  where  MDM2  expression  is  lower,  MDM4  acts  both  cooper 
atively  with  MDM2  and  independently  from  MDM2  in  exerting 
its  effects. 

Strengths  of  this  study  include  the  availability  of  information  for  all 
study  participants  from  pathology  reports  and  that  the  association 
analysis  incoiporated  disease  subtype.  The  latter  is  especially  impor 
tant  given  the  heterogeneity  of  breast  cancer  as  a  disease.  Although 
the  effect  of  carrying  the  TT  genotype  in  MDM4  on  ER  negative 
breast  cancers  may  represent  a  true  biologic  effect,  the  shift  to  earlier 
age  at  diagnosis  may  represent  a  bias  in  detecting  more  rapidly  grow 
ing  breast  cancers  that  are  detected  earlier.  This  is  particularly  impor 
tant  as  breast  cancers  are  thought  to  be  present  for  several  years  before 
they  reach  a  threshold  for  detection.  That  being  said,  the  distribution 
in  stage  at  diagnosis  using  the  TNM  (Tumor  Node  Metastasis)  clas 
sification  was  not  significantly  different  between  MDM4  genotypes. 
The  association  in  this  study  was  strongest  for  ductal  carcinomas  but 
may  not  be  representative  of  all  breast  cancer  types,  e.g.  lobular, 
metaplastic,  colloid,  tubular  breast  cancers.  In  fact,  lobular  and  tubu 
lar  breast  cancers  would  be  predicted  to  have  no  association  given 
their  strongly  positive  ER  status.  Lastly,  one  would  also  expect  that 
younger  women  might  suffer  from  delay  in  diagnosis  due  to  dense 
breast  tissue  relative  to  the  sensitivity  of  mammography  and  lower 
suspicion  for  diagnosis  of  breast  cancer  in  a  young  woman.  This  effect 
would  tend  to  decrease  the  differences  in  age  at  diagnosis. 

The  specific  ER  dependent  associations  observed  in  this  descrip 
tive  study  are  hypothesis  generating  for  the  role  of  human  MDM4  in 
hormone  receptor  negative  disease  that  will  subsequently  need  to  be 
tested  in  additional  patient  populations.  Genetic  association  studies 
are  often  criticized  for  lack  of  reproducibility  (48).  However,  in  this 
study  and  in  spite  of  its  small  size,  cohort  2  provides  reproducibility 
in  the  observed  association  with  the  MDM4  SNP  locus.  Differences 
in  the  genotype  frequencies  among  ethnicities  between  the  two  co 
horts  can  be  attributed  to  factors  such  as  smaller  sample  size  in 
cohort  2  and  admixture  in  different  regions  of  the  country.  Due  to 
the  small  size  of  cohort  2  with  limited  statistical  power,  a  larger 
comprehensive  study  should  be  performed  for  confirmation  of  these 
associations.  This  would  be  particularly  true  since  the  smaller 
groups  resulting  from  subgroup  analysis  are  more  probably  to  lead 
to  Type  I  errors.  Analyses  using  larger  patient  populations  would 
help  refute  this  type  of  error.  As  this  study  is  a  case  only  design,  it 
does  not  examine  the  overall  risk  of  developing  breast  cancer.  How 
ever,  Atwal  et  al.  (37)  demonstrated  risk  associated  with  this  SNP 
locus  in  human  MDM4  in  both  breast  and  ovarian  cancers.  That 
being  said,  defining  the  molecular  mechanism  of  SNP  functionality, 
or  that  of  a  closely  linked  SNP,  would  even  further  support  the 
observed  positive  associations.  Because  of  the  known  role  of 
MDM2  in  breast  cancer,  the  role  of  MDM4  in  regulating  the  tumor 
suppressor  p53,  and  known  interactions  between  MDM2  and 
MDM4,  there  is  biological  plausibility  for  this  association  in  breast 
cancer.  Future  studies  may  also  benefit  from  controlling  for  potential 
confounders  such  as  gynecological  factors,  e.g.  age  at  menarche,  age 
at  first  live  birth,  number  of  pregnancies. 

In  summary,  we  found  that  SNP  rsl563828  located  in  intron  10  of 
human  MDM4  associated  with  earlier  age  at  diagnosis  of  ER  negative 
breast  cancer  but  not  ER  positive  breast  cancer.  These  findings  were 
confirmed  in  a  second  cohort  of  breast  cancer  cases.  However,  further 
studies  are  needed  to  confirm  our  findings  and  molecular  studies  to 
identify  functionality  of  this  polymorphism  are  underway. 
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A  recent  candidate  gene  association  study  identified  a  single  nucleotide  polymorphism  (SNP)  in  the  PPP2R2B  gene  (rs319217, 
A/G)  that  manifests  allelic  differences  in  the  cellular  responses  to  treatment  with  chemotherapeutic  agents  (Vazquez  et  al., 

Nat  Rev  Drug  Discov  2008;7:979-87).  This  gene  encodes  a  regulatory  subunit  of  protein  phosphatase  2A  (PP2A),  one  of  the 
major  Ser/Thr  phosphatases  implicated  in  the  negative  control  of  cell  growth  and  division.  Given  the  tumor  suppressor 
activities  of  PP2A,  here  we  evaluate  whether  this  genetic  variant  associates  with  the  age  of  diagnosis  and  recurrence  of 
breast  cancer  in  women.  To  investigate  the  linkage  disequilibrium  in  the  vicinity  of  this  SNP,  PPP2R2B  haplotypes  were 
analyzed  using  HapMap  data  for  90  Caucasians.  It  is  found  that  the  A  variant  of  rs319217  tags  a  haplotype  that  appears  to 
be  under  positive  selection  in  the  Caucasian  population,  implying  that  this  SNP  is  functional.  Subsequently,  associations  with 
cellular  responses  were  investigated  using  data  reported  by  the  NCI  anticancer  drug  screen  and  associations  with  breast 
cancer  clinical  variables  were  analyzed  in  a  cohort  of  819  Caucasian  women.  The  A  allele  associates  with  a  better  response  of 
tumor  derived  cell  lines,  lower  risk  of  breast  cancer  recurrence,  later  time  to  recurrence,  and  later  age  of  diagnosis  of  breast 
cancer  in  Caucasian  women.  Taken  together  these  results  indicate  that  the  A  variant  of  the  rs319217  SNP  is  a  marker  of 


better  prognosis  in  breast  cancer. 


Several  studies  support  the  hypothesis  that  single  nucleotide 
polymorphisms  (SNPs)  can  affect  the  predisposition  to  cancer 
development  and  the  response  to  cancer  therapy1-13  (cancer 
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functional  SNPs  or  functional  SNPs  to  abbreviate).  However, 
the  identification  of  all  or  most  functional  SNPs  is  a  chal 
lenging  problem  given  the  large  number  of  genetic  variations 
in  the  human  population.  Genome  wide  association  studies, 
designed  to  screen  for  potential  genetic  associations  are  also 
limited  given  the  implicated  assumptions  for  such  analyses 
and  that  loci  may  not  be  functional  loci  but  rather  linked  to 
the  functional  locus. 

Recently  we  performed  a  candidate  gene  association  study 
to  uncover  functional  SNPs  using  data  generated  by  the  NCI 
anticancer  drug  screen  (NCI60  screen).14  Specifically,  statisti 
cal  computing  methods  were  developed  to  analyze  correla 
tions  between  the  response  of  tumor  derived  cell  lines  to 
standard  chemotherapeutic  agents  and  the  genotype  of  SNPs 
within  candidate  genes  in  the  p53  pathway.15  The  analysis 
identified  six  SNPs  with  significant  genotype  drug  response 
associations.  Genetic  variants  of  two  of  these  SNPs,  residing 
in  the  YWHAQ  and  CD44  genes,  have  been  recently  shown 
to  associate  with  cancer  risk  and  response  to  chemotherapy 
in  patients  with  soft  tissue  sarcomas,16  thus  validating  the 
NCI60  candidate  gene  study. 
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The  analysis  of  the  NCI60  data  also  predicted  a  functional 
SNP  in  the  PPP2R2B  gene,  encoding  for  a  regulatory  subunit 
of  protein  phosphatase  2A  (PP2A).  PP2A  is  a  ubiquitously 
expressed  heterotrimeric  protein  that  accounts  for  a  large 
fraction  of  phosphatase  activity  in  eukaryotic  cells17  and  it 
has  been  implicated  in  breast  tumorigenesis  and  progression. 
Phosphorylation  of  PP2A  is  associated  with  progression  of 
breast  tumors.18  The  inactivating  glycine  90  to  aspartate  so 
matic  mutation  in  the  structural  subunit  encoded  by 
PPP2R1B ,  observed  at  higher  frequency  in  breast  cancer 
patients,  results  in  reduced  protein  function.19  Both  tumori 
genicity  and  functional  haploinsufficiency  have  been  attrib 
uted  to  mutation  in  the  A  subunit  of  PP2A  where  mutation 
in  this  scaffold  subunit  promotes  degradation  of  the  regula 
tory  subunit.20,21  Furthermore,  a  case  control  study  using 
haplotype  analysis  of  tagged  SNPs  in  PPP2R1A  and  PPP2R2A 
demonstrated  associations  protective  for  breast  cancer  and 
modified  risk  for  women  with  proliferative  breast  lesions 22 
However,  this  study  did  not  include  evaluation  of  PPP2R2B. 
Therefore,  we  further  investigate  the  hypothesis  that  SNPs  in 
PPP2R2B  will  associate  with  breast  cancer  phenotypes,  focus 
ing  on  a  putative  functional  genetic  variant  in  the  PPP2R2B 
gene. 

Material  and  Methods 

Haplotype  analysis 

The  haplotype  analysis  was  based  on  HapMap  genotypes  for 
90  Caucasians  of  Northern  and  Western  European  ancestry 
(HapMap  CEU).23  Genotypes  for  500  SNPs  within  PPP2R2B 
were  available.  Among  them,  43  SNPs  with  genotype  calls 
having  relative  mutual  information  of  0.7  or  higher  with  the 
rs319217  genotypes  were  selected.  The  ancestral  allele  infer 
mation  was  available  from  dbSNP.24  The  relative  mutual  in 
formation  (My  =  7^/7, ■,■)  is  a  measure  of  linkage  disequili 
brium,  defined  as  the  ratio  between  mutual  information  (7,-y 
=  ^mab(mijyab/n)\n[nmijiab/gUagjih\)  of  a  probe  SNP  (j)  and  a 
reference  SNP  ( i )  (here  rs319217)  and  the  self  mutual  infer 
mation  (/**)  of  the  reference  SNP  (z),  where  n  is  the  number 
of  samples,  gi  a  is  the  number  of  samples  with  genotype  a  at 
locus  i,  and  is  the  number  of  samples  with  genotype  a 
at  locus  i  and  genotype  b  at  locus  j.  The  relative  mutual  in 
formation  takes  the  values  between  0  (independent  SNPs) 
and  1  (perfectly  linked  SNPs).  Based  on  the  genotypes  for 
the  selected  43  SNPs,  the  associated  haplotypes  were  esti 
mated  using  the  SNPHAP  program  http://www  gene.cimr. 
cam.ac.uk/clayton/software/. 

Cellular  drug  responses 

The  mutational  status  of  p53,  the  genotypes  of  109,687  SNPs 
(Affymetrix  125K  chip)  and  the  GI50  data  for  the  NCI60  cell 
panel  were  obtained  from  the  NCI/NIH  Developmental  Ther 
apeutics  Program  web  site,  http://www.dtp.nci.nih.gov.  The 
genotypes  of  the  rs319217  SNP  in  the  NCI60  samples  have 
been  determined  using  accurate  allelic  discrimination  assays 
(Applied  Biosystems).16  A  univariate  test  was  undertaken  for 


132  drugs  to  evaluate  allelic  differences  in  the  GI50s.  Specif! 
cally,  the  average  log  GI50  [X  =  — logl0(GI50)]  for  cells  for 
each  of  the  three  genotypes  of  a  given  locus  (AA,  Aa  and  aa) 
were  calculated  for  cells  either  wild  type  or  mutant  for  p53. 
Subsequently,  the  probability  ( p  value)  was  computed  that 
just  by  chance  the  difference  for  the  following  groupings 
either  was  equal  to  or  larger  than  the  actual  measurement: 
(a)  Xa  Xaa  or  (b)  Xaa  XA,  or  (c)  Xaa  Xa,  or  (d)  XA  Xaa,  or 
(e)  [Xaa  XaA  and  XaA  XAA]  and  (f)  [XAA  XaA  and  XaA  XJ. 
These  probabilities  were  estimated  using  a  permutation  test 
(106  permutations)  that  preserved  the  allele  or  genotype 
group  sizes  but  permuted  the  samples  among  the  groups. 
Results  p  <  0.05  were  considered  significant  and  p  <  0.1 
marginally  significant.  A  multiple  hypothesis  test  was  per 
formed  for  allelic  differences  in  the  GI50s  across  the  entire 
panel  of  drugs.  This  test  took  advantage  of  the  fact  that  132 
well  characterized  compounds  were  tested  against  the  NCI60 
cell  panel,  which  provided  a  set  of  independent  measure 
ments.  A  Fisher’s  exact  test  to  compute  the  statistical  signifi 
cance  of  observing  h  univariate  hits  for  a  SNP  on  a  total  of  D 
=  132  drugs,  given  that  overall  H  significant  hits  are  observed 
after  testing  S  reference  SNPs  on  the  D  drugs.  All  109,687 
Affymetrix  genotyped  SNPs  were  chosen  as  a  reference  set. 

Breast  cancer  cohort 

The  case  cohort  consisted  of  819  Caucasian  women  diag 
nosed  with  breast  cancer.  It  was  derived  from  patients  eval 
uated  at  The  Cancer  Institute  of  New  Jersey  who  were  invited 
to  participate  in  this  study  from  2004  to  2009.  Greater  than 
95%  of  eligible  individuals  gave  consent  for  participation.  Eh 
gibility  included  being  at  least  18  years  of  age  and  a  history 
of  biopsy  proven  breast  cancer  verified  by  pathology  records 
and  confirmed  on  review  by  our  institutional  breast  patholo 
gist.  Samples  were  collected  retrospectively  for  cases  diag 
nosed  before  2004.  Occurrence  of  asynchronous  primary 
breast  tumors  and  recurrent  tumors  were  not  considered  in 
age  at  diagnosis  analyses.  For  those  women  with  more  than 
one  primary,  age  of  diagnosis  analysis  was  performed  based 
on  first  primary.  In  5%  of  cases,  slides  were  not  available  for 
review  and  pathological  features  were  based  on  available  pa 
thology  reports  from  other  institutions.  Clinical  information 
was  abstracted  through  chart  review.  Estrogen  receptor  alpha 
and  progesterone  receptor  were  measured  by  immunohisto 
chemistry  for  over  99%  of  tumors  and  were  negative  if  stain 
ing  was  less  than  10%.  For  those  measured  by  protein, 
tumors  with  less  than  5  fmol/mg  was  considered  negative. 
BRCA1/2  testing  was  performed  where  clinically  indicated 
through  Myriad  Genetic  Laboratories  using  standard  assays 
including  full  sequencing  and  rearrangement  tests  unless  oth 
erwise  indicated.  Patients  with  known  BRCA1/2  mutations 
were  excluded  from  age  and  recurrence  association  analyses 
due  to  potential  confounding  bias.  Recurrence  was  defined  as 
the  time  between  the  date  of  biopsy  proven  diagnosis  to  date 
of  biopsy  proven  recurrent  disease.  Local,  regional  and  dis 
tant  recurrences  were  defined  as  biopsy  proved  recurrence 
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Table  1.  Demographics  of  breast  cancer  cohort1 

Caucasian  women,  n 

819 

Age  at  diagnosis,  years 

Median  age  at  diagnosis 

53 

Range 

19  95 

Stage  at  diagnosis,  n  f%>) 

0 

78  (11%) 

1,  II 

503  (73%) 

III,  IV 

107  (16%) 

Type  of  breast  cancer,  n  (%) 

Invasive  ductal 

532  (77%) 

Invasive  lobular 

82  (12%) 

DCIS 

77  (11%) 

Estrogen  receptor  status,  n  (%) 

Positive 

535  (76%) 

Negative 

166  (24%) 

Her2  status,  n  (%) 

Positive 

102  (19%) 

Negative 

429  (81%) 

Progesterone  receptor  status,  n  (%) 

Positive 

430  (63%) 

Negative 

252  (27%) 

Chemotherapy,  n  (%) 

Yes 

234  (37%) 

No 

393  (63%) 

Radiation,  n  (%) 

Yes 

452  (75%) 

No 

151  (25%) 

Adjuvant  hormonal  therapy,  n  (%) 

Yes 

457  (72%) 

No 

178  (28%) 

Observation  time2 

Mean  (months) 

77.9 

Range  (months) 

1  415 

Recurrence,  n  (%) 

137  (21%) 

Received  adjuvant  chemotherapy,  n 

393 

‘Percent  figures  are  reported  relative  to  the  number  of  patients  for 
which  annotations  were  available.  2Time  on  observation  until 
recurrence  or  total  time  observed  without  a  recurrence. 


in  breast,  in  lymph  node  basins,  or  in  other  organs  beyond 
the  breast  or  lymph  nodes,  respectively.  Patients  with  stage 
IV  disease  at  diagnosis  were  excluded  from  the  recurrence 
analysis.  DCIS  was  not  included  in  recurrence  analyses  as  a 
function  of  chemotherapy  as  this  treatment  is  not  standard 
of  care  for  DCIS.  Because  there  were  no  associations  between 
genotype  and  risk  of  noninvasive  vs.  invasive  ductal  carcino 
mas,  DCIS  was  included  in  analysis  of  risk  of  recurrence, 
particularly  as  several  individuals  experienced  distant  recur 


rence  in  the  absence  of  evidence  local  or  regional  recurrence 
Investigations  were  performed  with  approval  by  the  Univer 
sity  of  Medicine  and  Dentistry  of  New  Jersey/Robert  Wood 
Johnson  Medical  School  Institutional  Review  Board.  Demo 
graphics  of  the  breast  cancer  cohort  are  depicted  in  Table  1. 

Genotyping 

Genomic  DNA  was  extracted  from  1  ml  of  peripheral  blood, 
obtained  through  venipuncture,  using  a  spin  column  based 
method  according  to  manufacturer’s  protocol  (QIAGEN,  Va 
lenda,  CA).  Genotyping  for  the  human  PPP2R2B  SNP 
(rs319217)  was  performed  using  an  Applied  Biosystems  Taq 
Man  assay  on  the  ABI  7000  Sequence  Detection  System 
(Applied  Biosystems,  Foster  City,  CA).  Briefly,  reactions  were 
performed  with  5  10  ng  genomic  DNA  in  a  20  pi  vol.  PCR 
cycling  conditions  were  50°C  for  2  min,  95°C  for  10  min, 
followed  by  40  cycles  of  92°  C  for  15  s  and  60°  C  for  1  min. 
The  assay  failed  in  <1%  of  cases.  The  alleles  at  the  locus  are 
A  and  G  where  G  is  defined  as  the  ancestral  allele. 

Statistical  analysis  of  the  clinical  data 

A  permutation  test  was  done  to  determine  the  statistical  sig 
nificance  of  the  noted  increase  of  the  average  age  of  tumor 
diagnosis  between  patients  carrying  the  A  allele  and  patients 
carrying  the  GG  homozygous.  The  statistical  significance  for 
the  enrichment  of  GG  carriers  among  patients  manifesting 
recurrence  events  was  computed  using  the  Fischer’s  exact 
test.  The  odds  ratio  (OR)  estimates  were  computed  using, 
first,  a  Bayesian  estimate  of  the  probability  density  function 
of  the  fraction  of  GG  homozygous  in  patients  manifesting  re 
currence  events,  and  second,  a  binomial  test  to  compute  the 
probability  to  observe  (n)  GG  genotypes  in  (N)  patients  man 
ifesting  recurrence  events.  The  analyses  of  recurrence  free 
survival  was  performed  using  the  Kaplan  Meier  analysis  and 
the  Cox’s  multivariate  proportional  hazards  regression  model 
with  the  SPSS  17.0  software  (SPSS,  Chicago,  IL). 

Results 

Genetic  variant  and  haplotype  analysis 

The  PPP2R2B  gene  is  a  relatively  long  gene  of  about  500  kb. 
It  is  composed  of  10  exons  with  long  first  and  second  introns 
(Fig.  1).  The  SNP  of  interest  (rs319217)  is  located  in  the  first 
intron  and  it  is  linked  to  several  other  SNPs  expanding  over 
a  region  around  the  second  exon  (Fig.  1  and  Supporting 
Information  Fig.  1).  There  are  two  major  haplotypes  associ 
ated  with  the  genotype  calls  of  those  SNPs  in  strong  linkage 
disequilibrium  with  rs319217,  overall  accounting  for  95%  of 
the  predicted  haplotypes  in  the  HapMap  Caucasian  samples. 
The  rs319217  SNP  locus  displays  two  alleles  A  or  G,  each 
tagging  one  of  the  two  major  haplotypes.  G  is  the  ancestral 
allele  and  it  is  at  lower  frequency  in  the  Caucasian  popula 
tion  (about  0.3),  compared  to  that  for  the  derived  allele  A 
(about  0.7).  Together,  the  fact  that  the  derived  allele  is  at 
high  frequency  and  tags  a  very  long  haplotype  appears  to  be 
inconsistent  with  a  neutral  model  of  evolution.  Under 
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CT  GGAAGGT  AAAGCAGCGGCGAAGGAT  ACT  GT  GCGCCACCAAC  0.267 
A  G  T  AGCCACGGGAT  GAGCCGAGT  CAGCGT  AACATT  GT  GTTT  GG  0.683 


Figure  1.  Haplotypes  associated  with  the  rs319217  SNP  in  the  PPP2R2B  gene.  The  figure  shows  the  PPP2R2B  gene,  with  black  vertical  bars 
representing  exons  and  gray  rectangles  representing  introns  in  their  relative  sizes.  The  solid  lines  from  the  gene  map  to  the  rs  numbers 
indicate  the  positions  of  43  SNPs  in  PPP2R2B  with  strong  linkage  disequilibrium  with  rs319217.  On  the  top,  the  two  major  haplotypes 
associated  with  these  SNPs  is  depicted. 
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Figure  2.  Heat  map  summarizing  the  response  of  tumor  derived  cell  lines  to  132  chemotherapeutic  agents,  grouped  according  to  their 
mechanism  of  action.  The  red  and  green  colors  indicate  that  the  A  and  the  G  allele,  respectively,  correlate  with  a  better  response  (/.e., 
lower  GI50),  while  the  black  color  denotes  that  absence  of  a  significant  association.  The  color  intensity  is  proportional  to  the  average  GI50 
fold  change  between  the  homozygous  as  indicated  by  the  scale.  The  top,  middle  and  bottom  panels  correspond  to  the  analysis  made 
using  all,  p53  mutant  and  p53  wild  type  cell  lines,  respectively. 


neutrality,  high  frequencies  can  only  be  achieved  after  a  long 
period  of  evolution  and  after  such  long  period  the  linkage 
disequilibrium  with  nearby  SNPs  should  have  significantly 
decreased  due  to  recombination  events.  The  observation  of 
both  a  high  frequency  and  a  long  haplotype  is  thus  indicative 
of  a  selective  sweep  acting  on  the  haplotype  tagged  by  the  A 
variant.  This  hypothesis  is  supported  by  the  statistical  analy 
sis  of  Haplotter,25  reporting  that  the  PPP2R2B  gene  is  under 
selection  in  the  Caucasian  population  with  a  statistical  signifi 
cance  of  0.045.  Note  that,  based  on  the  same  Haplotter  analy 
sis,  this  gene  is  not  under  selection  in  Africans  and,  therefore, 
this  is  a  population  specific  effect. 

The  evidence  for  selection  indicates  that  the  rs319217  is  a 
functional  SNP  or  it  is  linked  to  some  functional  genetic  vari 
ation.  Indeed,  for  a  genetic  variant  to  be  selected  for  it  must 
lead  to  some  phenotype  affecting  reproduction.  The  fact  that 
PP2A  is  one  of  the  major  Ser/Thr  phosphatases  opens  the 
window  for  several  possibilities.  In  particular,  PP2A  has  been 


implicated  in  the  negative  regulation  of  cell  growth  and  divi 
sion,  which  are  essential  processes  during  development. 
PP2A  activity  and  regulation  is  necessary  during  develop 
mental  different  stages.26-29 

Allelic  differences  in  drug  responses  in  cancer  cell  lines 

The  first  evidence  of  the  association  of  the  rs319217  alleles 
and  cancer  related  phenotypes  comes  from  the  response  of 
tumor  derived  cell  lines  to  standard  chemotherapeutic 
agents.1  This  evidence  is  recapitulated  in  Figure  2,  showing 
the  average  response  of  tumor  derived  cell  lines  carrying  the 
A  or  G  alleles  to  132  standard  chemotherapeutic  agents, 
where  the  red  color  indicates  that  the  A  allele  associates  with 
a  higher  sensitivity  to  the  drug  (lower  GI50),  the  green  color 
indicates  the  same  but  for  the  G  allele,  and  black  represents 
the  absence  of  an  association.  This  heat  map  clearly  shows 
that  in  general  the  A  allele  associates  with  a  better  response 
(predominance  of  the  red  color).  The  probability  that  this 
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Figure  3.  (a)  Fraction  of  patients  with  breast  cancer  recurrence 
events  stratified  according  to  their  genotype  at  the  rs319217  SNP, 
for  all  Caucasian  patients  (Caucasian,  left)  and  all  Caucasian 
patients  receiving  chemotherapy  (Caucasian  Chemo,  right),  The 
p  values  indicate  the  statistical  significance  for  an  enrichment  of 
patients  with  the  homozygous  GG  genotype  among  patients 
manifesting  recurrence  events,  (b)  The  Cox  multivariate  regression 
survival  analysis  of  PPP2R2B  SNP  rs319217  shows  an  association 
of  the  G  allele  with  an  increased  risk  for  and  earlier  recurrence. 

The  graphs  display  the  survival  curves  of  breast  cancer  patients  for 
each  genotype  and  are  plotted  against  the  survival  time  in  days. 
Patients  with  a  GG  genotype  (green  line)  showed  a  1.81  fold 
increased  risk  for  tumor  recurrence  when  compared  to  patients 
homozygous  for  the  A  allele  (red  line),  while  heterozygous 
individuals  showed  an  intermediate  course  (blue  line).  The  Cox 
multivariate  regression  survival  analysis  was  adjusted  to  tumor 
stage  and  histopathological  subtype  of  the  tumor. 


would  happen  for  a  randomly  chosen  SNP  is  of  3.3  x  10~s, 
2.2  x  1(T32  and  4.9  x  10~2  when  considering  all  cell  lines, 
cell  lines  with  a  wild  type  p53,  and  cell  lines  carrying  a  mu 
tant  p53,  respectively,  indicating  that  this  association  is  inde 
pendent  of  the  p53  status. 

Allelic  differences  in  breast  cancer  recurrence 

The  NCI60  cell  response  analysis  indicates  that  patients  car 
tying  the  A  variant  of  rs319217  should  manifest  a  better 
response  to  cancer  treatment,  and  specifically  to  chemother 
apy.  To  test  this  prediction,  recurrence  events  following 
breast  cancer  treatment  were  analyzed  in  cohort  of  667  Cau 
casian  women  diagnosed  of  breast  cancer  (Fig.  3).  Among 
these  patients,  there  were  247,  324  and  96  individuals  with 
the  AA,  AG  and  GG  genotypes.  In  carriers  of  the  GG  geno 
type  at  rs319217,  patients  manifest  a  higher  frequency  of  re 
currence  events  compared  to  patients  carrying  the  A  variant, 
with  an  average  odds  ratio  1.78  Cl  (0.97  2.69)  and  statistical 
significance  of  p  =  0.043  (Fig.  3a).  Thus,  as  predicted  by  the 
analysis  of  cell  response  to  chemotherapeutic  agents,  patients 
carrying  the  A  variant  are  predicted  to  have  a  better  response 
to  the  chemotherapeutic  treatment. 

Stratified  analysis  was  also  performed  according  to  ER, 
PR,  Her2  status,  the  type  of  therapy  received  (chemotherapy, 
radiation,  adjuvant  hormonal  therapy),  the  stage  at  diagnosis 
and  the  cancer  subtype.  No  association  was  observed  when 
stratifying  by  patients  that  received  or  not  radiation  therapy. 
The  association  became  more  significant  in  the  group  of 
patients  receiving  adjuvant  hormonal  therapy  ( p  =  0.024), 
while  no  association  was  observed  in  the  group  of  patients 
that  did  not  received  hormonal  therapy  ( p  =  0.43).  Regarding 
the  status  of  the  different  receptors,  no  association  was 
observed  except  for  the  group  of  progesterone  negative 
patients  ( p  =  0.019). 

The  noted  association  became  more  significant  ( p  = 
0.016)  when  the  analysis  was  restricted  to  patients  that 
received  chemotherapy  as  part  of  their  treatment  (n  =  348), 
resulting  in  an  average  odds  ratio  2.39  Cl  (1.01  3.71)  (Fig. 
3b),  while  no  significant  association  was  observed  in  the 
group  of  patients  that  did  not  received  chemotherapy  (p  = 
0.41).  The  majority  of  the  patients  receiving  chemotherapy 
were  treated  with  a  combination  of  a  topoisomerase  II  inhibi 
tor  (doxorubicin  or  epirubicin)  and  an  alkylating  agent 
(mainly  cyclophosphamide).  In  some  cases  the  latter  received 
an  additional  agent,  which  was  either  an  antimitotic  agent 
(Docetaxel  or  Paclitaxel)  or  a  DNA  antimetabolite  (5  Fluo 
rouracil).  On  the  other  hand,  some  patients  received  a  com 
bination  of  an  alkylating  agent  (cyclophosphamide),  a  DNA 
antimetabolite  (5  Fluorouracil)  and  a  RNA/DNA  antimetabo 
lite  (Methotrexate).  All  these  class  of  agents  are  represented 
in  the  132  standard  agents  used  in  the  NCI60  analysis 
(Fig.  2),  allowing  the  comparison  between  associations  in  the 
tumor  derived  cell  line  responses  and  the  patient  responses 
to  chemotherapy.  There  is  a  precise  concordance  with  the 
cell  lines  study,  both  indicating  that  the  A  variant  is 
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Figure  4.  Fraction  of  individuals  diagnosed  with  breast  cancer  as  a 
function  of  age,  in  a  cohort  of  Caucasian  women  diagnosed  with 
(a)  breast  cancer  and  (b)  ER+  breast  cancer.  The  inset  figures 
represent  the  average  difference  in  age  of  diagnosis  between  the 
homozygous  groups  (AA/GG)  and  the  corresponding  statistical 
significance. 

associated  with  a  better  response  to  standard  chemotherapeu 
tic  treatments. 

To  further  assess  the  impact  of  the  PPP2R2B  SNP  on 
breast  cancer  outcome,  Kaplan  Meier  analysis  of  regression 
free  survival  was  performed.  The  analysis  revealed  that  GG 
carriers  had  the  worst  recurrence  free  survival  with  a  mean 
survival  time  of  7,059  days  (232.1  months),  followed  by 
patients  heterozygous  for  the  G  allele  [mean  survival  time  of 
6,406  days  (210.6  months)]  and  subsequently  patients  with 
an  AA  genotype  [mean  survival  time  of  5,682  days  (186.8 
months);  p  =  0.050,  log  rank  test].  To  exclude  potential 
biases  from  other  independent  prognostic  factors,  a  multivar 
iate  Cox’s  regression  survival  analysis  was  performed, 
adjusted  to  tumor  stage  and  histological  subtype  including  re 
ceptor  status.  This  analysis  further  confirmed  the  initial 
results,  showing  a  relative  risk  (RR)  for  recurrence  of  1.81  for 
patients  with  the  GG  genotype  when  compared  with  individ 
uals  homozygous  for  the  A  allele  ( p  =  0.028;  Fig.  3b).  In  line 
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with  the  previous  observations,  this  trend  was  also  more  pro 
nounced  when  the  analysis  was  restricted  only  to  those 
patients  who  had  received  chemotherapy  (RR  =  1.85,  p  = 
0.042),  while  no  significant  association  was  observed  in  the 
group  of  patients  not  receiving  chemotherapy  (RR  =  1.63, 
p  =  0.52). 

Allelic  differences  in  age  of  diagnosis  of  breast  cancer 

Previous  studies  suggest  that,  genetic  variants  implicated  in 
the  variable  response  to  cancer  treatment,  can  alter  the  rate 
and  age  at  which  individuals  manifest  cancer  as  well.  Thus, 
the  association  between  the  rs319217  genotypes  and  the  age 
of  diagnosis  of  breast  cancer  in  Caucasian  women  was  eval 
uated.  Genotypes  and  age  of  diagnosis  was  obtained  for  760 
patients,  stratified  into  284,  365  and  111  patients  with  the 
AA,  AG  and  GG  genotypes.  On  average,  women  carrying  the 
GG  genotype  at  rs319217  are  diagnosed  of  breast  cancer  3.0 
years  earlier  than  those  carrying  the  A  variant,  with  a  statisti 
cal  significance  p  =  0.0069.  This  association  is  a  consequence 
of  the  increase  in  the  incident  rate  in  patients  with  the  GG 
genotype  (Fig.  4a),  particularly  after  the  age  of  50  years, 
where  the  average  age  of  menopause  is  51  for  women  in  the 
U.S. 

Data  were  further  stratified  according  to  ER,  PR  and  Her2 
status,  the  stage  at  diagnosis  and  the  cancer  subtype  for  addi 
tional  analysis.  The  noted  association  became  stronger  when 
restricting  the  analysis  to  women  diagnosed  with  ER  positive 
breast  cancer  (Fig.  4b).  In  this  case  patients  carrying  the  GG 
genotype  are  diagnosed  4.4  years  earlier  ( p  =  0.0031).  The 
genotype  specific  associations  were  preserved  for  ductal  card 
nomas.  The  same  trend  was  noted  for  invasive  lobular  carci 
nomas,  but  due  to  small  group  size  (n  =  82),  statistical  sig 
nificance  was  not  reached  (p  =  0.09).  No  genotype  specific 
associations  were  observed  by  Her2  status  or  stage  at 
diagnosis. 

Discussion 

Taken  together  our  results  indicate  that  the  A  variant  of  the 
rs319217  SNP  associates  with  a  better  response  to  chemo 
therapy.  In  both,  tumor  derived  cell  lines  and  breast  cancer 
patients,  carriers  of  the  A  variant  manifest  a  better  response 
to  standard  chemotherapy.  In  addition,  we  also  observed  that 
breast  cancer  patients  carrying  the  GG  genotype  were  diag 
nosed  3.0  years  earlier  than  those  carrying  the  A  variant, 
with  a  4.4  years  difference  for  ER  positive  breast  cancers. 

The  rs319217  SNP  resides  within  the  PPP2R2B  gene, 
encoding  a  regulatory  subunit  of  PP2A.  PP2A  is  a  ubiqui 
tously  expressed  heterotrimeric  protein  that  accounts  for  a 
large  fraction  of  phosphatase  activity  in  eukaryotic  cells.17 
PP2A  phosphatase  activity  has  been  shown  to  interact 
directly  with  the  p53  pathway,  causing  the  dephosphorylation 
of  key  residues  of  p53  and  MDM2,  resulting  in  the  regulation 
of  p53  activity  levels  in  cells.30-34  ADP  ribosylation  factor 
like  2  (Arl2)  modifies  chemosensitivity  to  conventional  drugs, 
e.g.,  taxanes  and  doxorubicin,  used  to  treat  breast  cancer  in 
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the  adjuvant  setting.  The  mechanism  implicated  is  through 
PP2A  effects  on  p53  phosphorylation.35  PP2A  can  antagonize 
Ras  signaling  by  dephosphorylating  c  Myc  and  RalA  and  by 
negatively  regulating  the  PI3  kinase/ Akt  signaling  pathway.17 
Further  evidence  of  the  importance  of  PP2A  activity  in  sup 
pressing  cellular  transformation  lies  in  the  wide  range  of 
mechanisms  that  transformed  cells  have  evolved  to  inhibit  its 
activity.  For  example,  inhibition  of  PP2A  activity  has  been 
shown  to  be  mediated  by  the  small  tumor  antigen  of  DNA 
tumor  viruses36  by  up  regulation  of  the  c  Myc  specific  inhib 
itor  CIP2A,37  by  BCR/ABL  via  SET  up  regulation,38  through 
biallelic  mutational  inactivation  of  the  A  (3  subunit,39  or  by 
decreased  expression  of  the  Aa  subunit.20  PP2A  has  also 
been  implicated  in  inhibition  of  nuclear  telomerase  in  human 
breast  cancer  cells.40 

The  various  forms  of  PP2A  contain  an  active  core  dimer, 
made  up  of  the  catalytic  (C)  subunit  and  a  structural  scaffold 
A  subunit.  The  scaffold  subunit  mediates  interaction  of  the 
core  dimer  with  a  great  variety  of  regulatory  (B)  subunits  in  a 
tissue  specific  manner.  The  rs319217  resides  within  the  gene 
PPP2R2B ,  encoding  for  a  regulatory  subunit.  Interestingly,  a 
recent  report  implicates  a  genetic  variant  of  PPP2R5E,  encod 
ing  for  another  regulatory  subunit  of  PP2A,  has  been  also 
shown  to  alter  the  age  of  diagnosis  and  survival  in  patients 
with  soft  tissue  sarcomas.41  Furthermore,  both  PPP2R2B 
(here)  and  PPP2R5E 41  appear  to  be  under  natural  selection  in 
the  Caucasian  population,  as  indicated  by  the  analysis  of  their 
haplotypes.  Haplotype  analysis  of  tagged  SNPs  in  PPP2R1A 
and  PPP2R2A  demonstrated  that  certain  genotypes  were  pro 
tective  for  breast  cancer,  while  others  modified  the  risk  for 
women  with  proliferative  breast  lesions.22  No  previous  reports 
have  described  associations  for  SNPs  in  PPP2R2B  with  either 
risk  of  breast  cancer  or  its  recurrence.  Data  from  this  cohort 
are  consistent  with  associations  between  PPP2R2B  alleles  and 
breast  cancer  outcomes.  Flowever,  longer  follow  up  is  neces 
sary  to  determine  the  relationship  between  survival  curves 
while  accounting  for  late  relapses. 

The  role  of  PP2A  in  breast  cancer  suggests  how  functional 
SNPs  may  play  a  role  in  breast  cancer  biology.  For  instance, 
reduced  stability  of  ERalpha  mRNA  has  been  linked  with 


reduced  PP2A  activity.42  Direct  interactions  between  ERalpha 
and  PP2A  through  the  catalytic  subunit  of  PP2A  result  in  ER 
dependent  gene  expression,  even  in  the  absence  of  estrogen  43 
In  addition.  Loss  of  PP2A  expression  in  human  breast  cancer 
results  in  endocytosis  of  e  cadherin,  a  key  player  in  the  beta 
catenin  pathway.44  Reduced  or  absent  e  cadherin  expression 
is  observed  in  breast  tumors.  As  a  cell  cell  adhesion  molecule, 
reduced  e  cadherin  membrane  expression  may  contribute  to 
the  metastatic  potential  of  breast  cancer  cells.  PP2A  also  has 
demonstrated  effects  on  chemosensitivity.  Reduced  PP2A 
expression  and  activity  have  been  observed  in  adriamycin  re 
sistant  MCF  7  human  breast  cancer  cells,  while  adenoviral 
El  A  mediated  sensitization  of  a  human  breast  cancer  cell  line 
to  paclitaxel  appears  to  occur  through  PP2A  upregulation45'46 

The  association  reported  here  has  not  been  detected  in  a 
recent  genome  wide  association  study  (GW AS)  searching  for 
common  genetic  variants  with  an  association  with  breast  can 
cer  prognosis 1 2 *  4’5'47  The  latter  can  be  attributed  to  several  fac 
tors,  including  the  multiple  hypothesis  testing  complexity  of 
GW  AS  studies  and  the  lack  of  appropriate  stratification  of 
the  patient  population.  Our  preliminary  NCI60  analysis 
offered  the  advantage  of  providing  a  candidate  SNP 
(rs319217),  the  allele  associated  with  better  prognosis  (A 
allele),  and  the  specific  context  (response  to  chemotherapy). 

The  associations  reported  here  remain  to  be  validated  in 
other  patient  cohorts,  and  importantly,  the  regulatory 
changes  associated  with  PPP2R2B  rs319217  or  linked  SNPs 
are  yet  to  be  determined.  The  latter  is  a  challenging  task 
given  that  the  variant  and  ancestral  alleles  of  rs319217  tag 
two  long  haplotypes  expanding  a  60  kb  region.  Furthermore, 
more  exhaustive  searches  for  other  genetic  variants  closely 
linked  to  these  SNPs,  but  not  included  in  the  HapMap  pro 
ject,  will  be  necessary  to  develop  a  complete  list  of  candidate 
functional  SNPs  that  merit  further  experimental  investigation 
into  the  molecular  and  cellular  mechanisms  behind  the  sig 
nificant  allelic  differences  in  haplotype  structure,  cancer  risk, 
and  response  to  cancer  treatment  noted  in  this  report.  How 
ever,  these  data  strongly  suggest  that  PPP2R2B  harbors 
genetic  variants  that  can  affect  human  cancer  and  may  be 
under  evolutionary  selection  pressure. 
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Purpose:  TP53BP1  is  a  key  component  of  radiation-induced  deoxyribonucleic  acid  damage  repair.  The  purpose  of 
this  study  was  to  evaluate  the  significance  of  a  known  common  single  nucleotide  polymorphism  in  this  gene 
(rs560191)  in  patients  treated  with  breast-conserving  surgery  and  whole-breast  irradiation  (BCS  +  RT). 

Methods  and  Materials:  The  population  consisted  of  176  premenopausal  women  treated  with  BCS  +  RT  (median 
follow-up,  12  years).  Genomic  deoxyribonucleic  acid  was  processed  by  use  of  TaqMan  assays.  Each  allele  for 
rs560191  was  either  C  or  G,  so  each  patient  was  therefore  classified  as  CC,  CG,  or  GG.  Patients  were  grouped 
as  GG  if  they  were  homozygous  for  the  variant  G  allele  or  CC  CG  if  they  carried  at  least  one  copy  of  the  common 
C  allele  (CC  or  CG). 

Results:  Of  the  176  women,  124  (71%)  were  CC  CG  and  52  (29%)  were  GG.  The  mean  age  was  44  years  for  GG  vs. 

38  years  for  CC  CG  (p  <  0.001).  GG  was  more  common  in  African-American  women  than  white  women  (69%  vs. 

13 %,p  <  0.001)  and  more  commonly  estrogen  receptor  negative  (70%  vs.  49%, p  =  0.02).  There  were  no  significant 
correlations  of  rs560191  with  other  critical  variables.  Despite  the  fact  that  GG  patients  were  older,  the  10-year  rate 
of  local  relapses  was  higher  (22%  for  GG  vs.  12%  for  CC  CG,  p  =  0.04). 

Conclusions:  This  novel  avenue  of  investigation  of  polymorphisms  in  radiation  repair/response  genes  in  patients 
treated  with  BCS  +  RT  suggests  a  correlation  to  local  relapse.  Additional  evaluation  is  needed  to  assess  the  biolog¬ 
ical  and  functional  significance  of  these  single  nucleotide  polymorphisms,  and  larger  confirmatory  validation  stud¬ 
ies  will  be  required  to  determine  the  clinical  implications.  ©  2011  Elsevier  Inc. 

Breast  cancer,  Single  nucleotide  polymorphism,  Local  recurrence,  53BP1,  Breast-conserving  surgery. 


INTRODUCTION 

The  majority  of  women  presenting  with  early-stage  breast 
cancer  are  treated  with  breast-conserving  surgery  and  radia¬ 
tion.  Local  relapse  of  disease  remains  a  significant  pattern 
of  treatment  failure,  particularly  in  younger  women,  which 
ultimately  may  compromise  survival  and  can  be  associated 
with  significant  social  and  psychological  consequences 
(1  6).  Primary  tumor  factors,  such  as  receptor  status, 
margins,  histologic  subtype,  grade,  and  more  recently, 
molecular  profiles,  have  been  extensively  evaluated  as 
potential  risk  factors  for  local  relapse,  with  some 
consistent  but  many  conflicting  results  (1,  7  16).  Host 
factors  including  age  and  race  and,  to  a  lesser  extent, 
genetic  factors  such  as  BRCA1,  BRCA2,  and  CHEK2 


have  also  been  evaluated,  again  with  conflicting  results 
(17  22).  The  most  consistently  reported  risk  factors  to 
date  for  local  relapse  after  breast-conserving  surgery  and 
radiation  have  been  patient  age,  with  younger  age  predict¬ 
ing  for  higher  local  relapse  rates  and  positive  margin  status 
predicting  for  higher  local  relapse  rates  (1  3,  15,  22  29). 

Although  there  are  multiple  studies  evaluating  the  high- 
penetrance  BRCA1IBRCA2  genes  and  local  relapse,  overall 
patient  numbers  have  been  relatively  small  because  less 
than  1%  of  the  population  and  fewer  than  5%  of  breast  cancer 
patients  are  carriers  of  deleterious  mutations  (30).  There  are 
even  fewer  data  on  other  more  rare  high-penetrance  genetic 
syndromes,  where  it  is  estimated  that  only  1%  to  2%  of  famil¬ 
ial  cases  are  explained  by  mutations  in  other  known  cancer 
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susceptibility  genes,  such  as  P53,  PTEN,  ATM,  and  CHEK2 
(30  33). 

Although  deleterious  mutations  in  highly  penetrant 
breast  cancer  susceptibility  genes,  such  as  BRCA1I2,  are 
relatively  rare,  there  is  a  wide  spectrum  of  much  more 
common  low-penetrance  genetic  changes  in  genes  that 
may  be  clinically  relevant  (32  34).  Many  of  these  genetic 
changes  are  single  nucleotide  substitutions,  which  may  or 
may  not  affect  the  function  of  the  gene,  commonly 
referred  to  as  single  nucleotide  polymorphisms  (SNPs). 
For  some  of  these  polymorphisms,  fairly  large  segments 
of  the  population  may  be  affected.  A  recently  discovered 
example  of  a  clinically  relevant  common  polymorphism 
is  the  CYP2D6  gene,  where  approximately  10%  of  the 
population  are  homozygous  carriers  of  a  single  nucleotide 
variation  in  the  CYP2D6  gene  (35).  Patients  homozygous 
for  the  polymorphism  have  less  efficient  metabolism  of  ta¬ 
moxifen  to  its  active  metabolite  endoxifen  and  have  been 
reported  to  have  inferior  outcomes  compared  with  wild- 
type  and  heterozygous  patients  when  treated  with  tamoxi¬ 
fen.  This  represents  a  novel  approach  for  individualizing 
therapy  based  on  the  genetics  of  the  host,  as  opposed  to 
the  clinical,  pathologic,  or  molecular  characteristics  of  the 
primary  tumor. 

It  is  evident  that  evaluation  of  SNPs  of  the  host  as  risk 
factors  for  recurrence  and  response,  as  well  as  for  normal  tis¬ 
sue  reactions  in  patients  undergoing  radiation  therapy,  is  an 
exciting  and  novel  area  of  investigation  that  has  not  been  ex¬ 
tensively  explored.  In  this  regard  there  are  a  large  number  of 
candidate  genes,  related  to  radiation  response  and  deoxyribo¬ 
nucleic  acid  (DNA)  damage  repair,  that  have  common 
polymorphisms  that  may  be  clinically  relevant.  One  such 
candidate  is  the  gene  encoding  for  the  tumor  suppressor 
p53  binding  protein  1  ( TP53BP1 )  (36  39).  53BP1 
participates  in  the  early  DNA  damage  response  after 
radiation  and  is  recruited  rapidly  to  sites  of  DNA  breaks, 
where  it  is  required  for  efficient  recruitment  of  other  critical 
DNA  repair  proteins  such  as  BRCA1.  53BP1  and  ATM 
interact  in  irradiated  cells,  with  ATM  activation  leading  to 
phosphorylation  of  53BP1  and  intact  53BP1  being  required 
for  optimal  ATM  autophosphorylation..  Polymorphic 
variants  in  TP53BP1  are  therefore  excellent  potential 
candidates  for  predicting  response  to  radiation  and  for 
cancer  susceptibility.  Several  common  polymorphisms  in 
the  TP53BP1  gene  have  been  identified  (36).  Although  the 
functional  and  biologic  significance  of  these  polymorphisms 
is  unclear  and  the  evidence  linking  polymorphisms  in 
TP53BP1  to  breast  cancer  risk  has  been  mixed,  53BP1 
clearly  plays  a  major  role  in  response  to  DNA  damage  by  ra¬ 
diation,  and  modest  changes  in  the  function  of  the  gene  can 
have  significant  consequences  (36,  38,  40).  Evaluation  of 
TP53BP1  polymorphisms  on  outcomes  after  radiation 
therapy  in  breast  cancer  patients  has  not  evaluated.  The 
purpose  of  this  study  was  to  evaluate  the  prognostic 
significance  of  polymorphisms  in  the  TP53BP1  gene  in 
premenopausal  patients  treated  with  breast-conserving  sur¬ 
gery  and  radiation. 
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METHODS  AND  MATERIALS 

The  patient  population  consisted  of  176  premenopausal  women 
treated  with  breast  conserving  surgery  and  whole  breast  irradiation 
between  1985  and  2003.  Patients  were  treated  by  lumpectomy  and 
whole  breast  irradiation,  with  or  without  regional  nodal  irradiation 
and  systemic  therapy,  in  accordance  with  standard  practice  and  as 
previously  described  (18,  41).  Premenopausal  early  stage  patients 
were  selected  because  these  patients  are  at  highest  risk  for  local  re 
lapse  and  represent  a  relatively  homogeneous  cohort.  Patients  were 
recruited  from  the  radiation  therapy  treatment  facilities  during 
follow  up,  and  after  they  provided  informed  consent,  blood  was 
drawn  for  genetic  testing,  DNA  was  stored,  and  patient  data  were 
deidentified  with  a  unique  identification  code,  in  accordance  with 
guidelines  for  this  institutional  review  board  approved  protocol. 
All  patient  data  including  demographic  information,  clinical,  patho 
logic,  treatment,  and  outcomes  were  stored  in  a  computerized  data 
base  for  analysis.  Because  patients  were  recruited  from  follow  up 
clinics  after  radiation  treatment,  median  follow  up  from  the  date 
of  original  diagnosis  was  12  years. 

Three  known  polymorphisms  in  the  TP53BP1  gene,  previously 
described  by  Frank  et  al.  (36),  were  genotyped  by  standard  methods: 
D353E,  G412S,  and  K1 136Q.  These  polymorphisms  are  associated 
with  amino  acid  changes  in  the  coding  region  of  TP53BP1.  To  test 
whether  the  allele  status  of  the  three  loci  in  the  TP53BP1  gene  are 
highly  correlated  with  each  other,  we  performed  a  linkage  disequi 
librium  analysis  using  a  common  methodology  in  population  genet 
ics  described  by  Devlin  and  Risch  (42).  This  method  calculates  a  D' 
value  and  an  r  value,  which  quantifies  the  degree  of  linkage  between 
the  loci  based  on  the  distribution  in  the  population  of  a  specific  loci. 
This  methodology  allows  one  to  create  a  haplotype  map  of  the  three 
loci  and  quantifies  the  degree  of  association  between  loci  based  on 
the  genetic  analysis  of  the  population  tested  (42). 

Genomic  DNA  was  extracted  from  1  mL  of  peripheral  blood,  ob 
tained  through  venipuncture,  by  use  of  a  spin  column  based  method 
according  to  the  manufacturer’s  protocol  (Qiagen,  Valencia,  CA). 
Genotyping  was  performed  with  a  TaqMan  assay  on  the  ABI 
7000  Sequence  Detection  System  (Applied  Biosystems,  Foster 
City,  CA).  In  brief,  reactions  were  performed  with  5  to  10  ng  of  ge 
nomic  DNA  in  a  25  fiL  volume.  Polymerase  chain  reaction  cycling 
conditions  were  50°C  for  2  minutes  and  95°C  for  10  minutes,  fol 
lowed  by  40  cycles  of  92°C  for  15  seconds  and  60°C  for  1  minute. 

For  each  of  the  three  loci,  alleles  were  classified  as  C,  G,  A,  or  T. 
In  the  case  of  D353E  (rs560 191),  the  alleles  were  either  C  or  G.  Gen 
otyping  for  each  patient  was  thus  categorized  as  CC,  CG,  or  GG;  pa 
tients  were  classified  as  GG  if  they  were  homozygous  for  the  variant 
G  allele  (GG)  or  CC  CG  if  they  carried  at  least  one  copy  of  the  com 
mon  C  allele  (CC  or  CG).  All  clinical,  pathologic,  treatment,  and 
outcomes  data,  along  with  the  results  of  the  SNP  analysis,  were  en 
tered  into  a  computerized  database,  deidentified,  and  analyzed  with 
standard  statistical  packages. 

RESULTS 

The  linkage  disequilibrium  analysis  of  the  three  loci  in 
TP53BP1  showed  a  tight  correlation,  indicating  a  nonrandom 
association  between  these  three  loci.  On  the  basis  of  the  anal¬ 
ysis  described  previously,  the  D'  value  between  the  all  three 
loci  was  1 .0,  indicating  a  tight  linkage  of  all  three  loci  in  both 
white  and  African-American  cohorts.  Further  linkage  analy¬ 
sis  of  the  correlation  coefficient  (r)  showed  a  value  of  1.0  be¬ 
tween  loci  D353E  and  K1136Q  among  white  patients  and 
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Fig.  1 .  On  the  basis  of  the  frequency  of  alleles  in  the  white  (Cauc)  and  African  American  (AfroA)  populations  in  this  study, 
an  estimated  haplotype  map  of  the  three  loci  in  TP53BP1  was  generated. 


0.98  among  African  Americans,  whereas  the  r  value  between 
these  loci  and  G412S  was  0.73  in  white  patients  and  0.82  in 
African  Americans  (42).  These  data  confirm  a  very  strong 
linkage  between  D353E  and  K1 136Q  and  a  strong  but  less 
complete  linkage  between  these  two  loci  and  G412S.  On 
the  basis  of  this  analysis,  an  estimated  haplotype  map  of 
the  three  loci  is  given  in  Fig.  1 .  Correlations  between  the  var¬ 
ious  variables  and  outcomes  were  essentially  identical  for 
K1136Q  and,  as  expected,  were  not  as  strong  for  G412S, 
which  was  not  as  tightly  linked.  The  linkage  analysis  between 
the  three  loci  is  shown  in  Table  1. 

Because  the  three  loci  are  so  tightly  linked  and  highly  cor¬ 
related,  we  report  here  on  the  results  of  the  D353E  locus 
(rs560191).  Of  the  176  premenopausal  women,  124  (71%) 
were  classified  as  CC  CG  and  52  (29%)  as  GG.  As  noted 
in  Table  2,  the  mean  age  was  44  years  for  the  GG  patients 
vs.  38  years  for  the  CC  CG  patients  ( p  <  0.001),  and  GG 
was  more  common  in  African-American  women  than  in 
white  women  (69%  vs.  13%,  p  <  0.001).  There  were  no  sig¬ 
nificant  correlations  of  rs560191  with  other  critical  variables: 
T  stage,  N  stage,  margin  status,  use  of  adjuvant  therapy,  or 
family  history.  Although  progesterone  receptor  status  was 
evenly  distributed  between  the  populations,  there  was  a  slight 
predominance  of  estrogen  receptor  (ER)  negative  tumors  in 
the  GG  group. 

In  addition,  BRCA1/2  mutation  status  was  known  in  149  of 
the  176  patients,  and  there  was  no  correlation  between  BRCA1/ 
2  mutation  status  and  the  polymorphisms  in  TP53BP1. 


Because  younger  age  in  a  majority  of  studies  is  associated 
with  higher  rates  of  local  relapse,  it  was  hypothesized  that  the 
GG  patients,  who  were  older,  would  have  a  lower  local  re¬ 
lapse  rate.  Despite  the  fact  that  GG  patients  were  older,  the 
10-year  rate  of  local  relapse  was  higher  (22%  GG  vs.  12% 
CC  CG,  p  =  0.04).  As  noted  previously,  there  is  no  correla¬ 
tion  between  the  TP53BP1  status  and  BRCA1/2  status, 
which  would  explain  the  difference  in  local  control. 
Figure  2  shows  the  local  relapse  rate  as  a  function  of  geno¬ 
type  over  time.  On  multivariate  analysis,  when  age,  receptor 
status,  margin  status,  and  adjuvant  therapy  were  taken  into 
account,  however,  genotyping  did  not  retain  statistical  signif¬ 
icance  (p  =  0.12). 

As  noted  previously,  GG  was  more  common  in  African- 
American  women,  and  there  was  a  predominance  of  ER- 
negative  tumors  in  the  GG  group.  However,  in  this  sample 
there  was  no  difference  in  the  local  relapse  rate  between 
white  and  African-American  women  (17%  vs.  15%  at  15 
years),  and  there  was  no  significant  difference  in  local  relapse 
as  a  function  of  ER  status  (17%  ER  negative  vs.  20%  ER  pos¬ 
itive  at  15  years).  The  difference  in  local  relapse  rate  between 
the  GG  and  the  CC  CG  groups  could  therefore  not  be 
explained  by  an  imbalance  in  race,  age,  or  ER  status. 

The  frequency  of  the  homozygous  variant  GG  genotype  in 
our  white  population  of  patients  was  13%,  and  it  did  not  dif¬ 
fer  significantly  from  the  approximate  10%  frequency  of  the 
GG  genotype  in  white  breast  cancer  patients  or  white  control 
subjects  reported  by  Frank  et  al.  (36). 


Table  1.  Linkage  disequilibrium  of  three  loci  in  TP53BP1 


D353E* 

K1136* 

G412S* 

Homozygous 

wt" 

Heterozygous 

Homozygous 

variant 

Homo 

WT 

Heterozygous 

Homozygous 

variant 

Flomozygous  WT 

49 

2 

1 

50 

2 

0 

Heterozygous 

3 

60 

1 

29 

25 

0 

Homozygous  variant 

0 

3 

40 

6 

16 

21 

Abbreviation:  WT  =  wild  type. 

*  Correlation  between  allele  status  of  all  three  loci  was  highly  significant  at  p  <  0.00001. 
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Table  2.  Patient  population  classified  by  status  of  D353E 
(rs560191) 


Variable 

CC  CG  patients 

GG  patients 

p  Value 

No.  of  patients 

124 

52 

Not 

applicable 

Age  (mean)  (y) 

38 

44 

<0.001 

Race 

30%  AA 

69%  AA 

<0.001 

87%  CA 

13%  CA 

T  stage 

57%  T1 

52%  T1 

0.34 

26%  T2 

34%  T2 

17%  Tis 

13%  Tis 

N  stage 

78%  node 

71%  node 

0.37 

negative 

negative 

ER  status 

51%  ER  positive 

30%  ER  positive 

0.03 

PR  status 

46%  PR  positive 

36%  PR  positive 

0.29 

HER2/Neu 

34%  HER2 

31%  HER2 

0.81 

status 

positive 

positive 

Margins 

4%  positive 

6%  positive 

0.91 

Family  history 

17%  strong 

25%  strong 

0.28 

BRCA1/2  status 

11%  positive 

8%  positive 

0.57 

Adjuvant 

50% 

49% 

0.90 

chemotherapy 

Adjuvant 

23% 

15% 

025 

hormones 

Abbreviations:  ER  =  estrogen  receptor;  PR  =  progesterone  receptor. 


To  determine  whether  the  higher  frequency  of  GG  geno¬ 
type  in  our  African-American  breast  cancer  patient  popula¬ 
tion  was  different  from  the  frequency  in  control  subjects, 
we  obtained  100  age-matched  control  African- American 
samples  without  a  diagnosis  of  breast  cancer  (Bioserve, 
Beltsville,  MD)  and  conducted  a  2:1  age-matched  control. 
As  shown  in  Table  3,  the  frequency  of  the  GG  genotype  in 
our  African-American  patient  population  of  69 %  did  not  dif¬ 
fer  significantly  from  the  GG  genotype  frequency  of  81%  in 
the  African-American  control  population. 

The  rate  of  contralateral  events  in  GG  patients  was  slightly 
but  not  significantly  higher  at  10  years  ( 13%  vs.  8%,  p  =  not 
significant).  This  is  shown  in  Fig.  3. 
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Table  3.  D353E  (rs560191)  in  African  American  cancer 
patients  vs.  age  matched  African  American  control  subjects 


CC  CG* 

GG* 

Total 

Age  matched  control 

18(19%) 

79  (81%) 

97 

subjects 

Patients 

16(31%) 

35  (69%) 

51 

Total 

34 

114 

148 

*p  =  0.08. 


Because  these  patients  were  all  alive  and  without  evidence 
of  disease  at  the  time  of  recruitment,  no  attempt  was  made  to 
correlate  genotype  with  distant  metastasis  or  overall  survival. 

DISCUSSION 

Single  nucleotide  polymorphisms  represent  the  most  com¬ 
mon  type  of  genetic  variation,  and  with  the  completion  of  the 
Human  Genome  and  HapMap  project,  numerous  common 
SNPs  have  been  identified  and  characterized  (33,  34,  43 
46).  Whether  many  of  these  common  SNPs  are  clinically  or 
biologically  significant  remains  to  be  determined.  However, 
because  some  of  these  polymorphisms  can  result  in  amino 
acid  changes  within  the  protein  coding  portion  of  genes 
critical  to  cellular  function,  they  are  candidates  for  potential 
predictors  of  variation  in  biological  function.  One 
limitation  of  our  study  is  the  lack  of  understanding  of  how 
these  particular  polymorphisms  may  affect  the  biological 
function  of  the  gene.  It  has  been  established  that  the  53BP1 
protein  is  a  critical  component  of  DNA  repair.  Although 
these  polymorphisms  do  result  in  amino  acid  changes,  how 
those  changes  affect  the  specific  structure  and  function  of 
the  protein  has  not  been  elucidated.  Future  laboratory 
studies  will  need  to  be  performed  to  further  explore  the 
biological  significance  of  these  SNPs. 


Breast  Relapse  Free  Time  by  Status  of  SNP  in  53BP1- 
D353E:1059C>G  (rs560191) 


Development  of  Contralateral  Breast  Cancer  by 
Status  of  SNP  in  53BP1-D353E:1059C>G  (rs560191) 


Fig.  2.  Ipsilateral  breast  cancer  rate  by  single  nucleotide  polymor 
phism  (SNP)  status  in  TP53BP1 .  The  difference  between  the  homo 
zygous  variant  (GG)  and  the  other  cohorts  (CC  CG)  was  significant 
at  p  =  0.04. 


Fig.  3.  Contralateral  breast  cancer  rate  by  single  nucleotide  poly 
morphism  (SNP)  status  in  TP53BP1.  There  is  no  significant  differ 
ence  (NS)  in  contralateral  events  between  the  homozygous  variant 
(GG)  and  the  CC  CG  cohorts. 
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There  are  a  number  of  genes  involved  in  DNA  repair  and 
radiation  response  in  which  SNPs  have  been  identified  (47 
50).  The  P53  binding  protein  is  a  critical  component  in 
response  to  DNA  damage,  and  the  gene  encoding  for  this 
protein  has  been  fully  characterized  and  polymorphisms 
identified  (36  38,  40,  51,  52).  Polymorphisms  in  TP53BP1 
have  been  evaluated  with  respect  to  the  risk  of  breast 
cancer,  with  conflicting  results  (36  38,  40,  51,  52).  With 
respect  to  breast  cancer  risk,  although  TP53BP1  may  be 
a  minor  contributing  factor,  it  is  more  likely  that 
combinations  of  SNPs  in  this  and  other  critical  genes  may 
be  associated  with  breast  cancer  risk.  Of  note,  we  observed 
no  correlation  between  TP53BP1  polymorphisms  and 
deleterious  mutations  in  BRCA1I2. 

Outcomes  related  to  SNPs  in  genes  related  to  DNA  dam¬ 
age/repair  response  have  not  been  extensively  evaluated. 
There  have  been  a  few  studies  that  evaluated  short-  and 
long-term  normal  tissue  reactions  as  a  function  of  polymor¬ 
phisms,  with  mixed  but  promising  results  (53  56). 
Polymorphisms  in  ATM  have  been  shown  to  correlate  with 
chronic  fibrosis  in  breast  cancer  patients,  and  a  recent  study 
evaluating  polymorphisms  in  transforming  growth  factor 
[3  showed  an  association  with  radiation  pneumonitis  in  lung 
cancer  patients  undergoing  radiation  therapy  (56).  Krupa 
et  al.  (57)  showed  a  congelation  between  polymorphisms  in 
repair  genes  RAD51  and  XRCC3  and  nodal  metastasis,  but 
they  did  not  evaluate  correlations  with  local  or  regional  re¬ 
lapse.  Skerrett  et  al.  (58)  also  noted  associations  of  transform¬ 
ing  growth  factor  (3  with  recurrence  in  breast  cancer  but  did 
not  evaluate  local  control. 

Data  correlating  a  number  of  polymorphisms  with  overall 
or  disease-free  survival  and  response  to  chemotherapy  and 
other  dmgs  continues  to  rapidly  develop.  One  of  the  most 
well-described  examples  of  this  is  CYP2D6,  the  gene  associ¬ 
ated  with  metabolism  of  tamoxifen  to  its  active  endoxifen 
metabolite  (35).  A  specific  polymorphism  that  is  found  in  ap¬ 
proximately  10%  of  the  population  is  associated  with  slow 
metabolism  and  poorer  response  to  tamoxifen  therapy.  Cur¬ 
rently,  a  commercially  available  test  can  be  used  to  identify 
patients  with  this  polymorphism  to  guide  medical  recommen¬ 
dations  regarding  hormonal  therapy. 

Evaluation  of  locoregional  control  with  radiation  as  a  func¬ 
tion  of  germline  polymorphisms  has  not  been  extensively 
evaluated.  Although  there  are  a  number  of  studies  assessing 
local  control  as  a  function  of  germline  BRCA1/2  status,  eval¬ 
uation  of  local  control  as  a  function  of  SNPs  in  genes  associ¬ 
ated  with  radiation  response  is  underexplored  (17  21).  One 
recent  study  reported  a  positive  correlation  in  a  functional 
polymorphism  in  the  promoter  of  BCL2  and  disease-free 
and  overall  survival  in  oropharyngeal  cancers  treated  with 
surgery  and  radiation  (59).  This  polymorphism  in  the  BCL2 
promoter  has  also  been  shown  to  correlate  with  rising 
prostate-specific  antigen  level  after  prostatectomy  (60).  In 
contrast  to  the  rapidly  increasing  numbers  of  studies  assess¬ 
ing  polymorphisms  associated  with  response  to  drug  therapy, 
however,  this  area  is  largely  underdeveloped  (61  70). 


The  P53  binding  protein  is  a  key  component  in  radiation 
response  (51).  Our  laboratory  has  been  evaluating  53BP1  ex¬ 
pression  and  radiation  response  and  hypothesized  that  poly¬ 
morphisms  in  TP53BP1  may  be  associated  with  outcomes 
in  patients  undergoing  breast-conserving  surgery  and  radia¬ 
tion.  In  a  cohort  of  patients  treated  with  breast-conserving 
surgery  and  radiation,  we  found  that  the  homozygous  GG  ge¬ 
notype  was  associated  with  a  significantly  higher  risk  of  local 
relapse  on  univariate  analysis.  Because  the  GG  genotype 
carrying  group  of  patients  was  older  than  the  other  CC  and 
CG  genotype  carriers,  one  would  expect  a  lower  rate  of  local 
relapse,  given  the  known  association  of  young  age  and  higher 
local  relapse  rates  (3).  Our  GG  genotype  carriers  were  also 
more  predominant  among  African-American  women,  and 
there  were  slightly  more  ER-negative  tumors  among  the 
GG  genotype  carriers.  However,  there  were  no  differences 
in  the  local  relapse  rates  between  the  African-American 
and  white  women  in  this  study  and  no  differences  between 
ER-negative  and  ER-positive  patients  in  this  cohort.  In  addi¬ 
tion,  there  was  no  correlation  between  the  status  of  TP53BP1 
polymorphisms  and  BRCA1I2  in  this  cohort.  Therefore  the 
higher  local  relapse  rate  could  not  be  explained  by  an  imbal¬ 
ance  in  any  of  these  factors.  Although  it  is  possible  that  the 
amino  acid  changes  and  protein  structure  alteration  in 
53BP1  result  in  altered  radiation  sensitivity,  it  is  apparent 
that  further  studies  will  be  required  to  determine  the  biolog¬ 
ical  and  functional  significance  of  these  polymorphisms. 
Though  significant  on  univariate  analysis,  the  correlation 
did  not  hold  on  multivariate  analysis.  Given  that  our  patient 
numbers  and  number  of  events  were  relatively  small,  larger 
sample  sizes  and  validation  studies  will  be  required  to  deter¬ 
mine  the  clinical  significance  of  our  observations. 

These  results  do  show,  however,  the  potential  for  further 
exploration  of  these  types  of  studies,  evaluating  outcomes 
of  patients  undergoing  radiation  therapy  as  a  function  of 
SNPs.  Genes  associated  with  DNA  response  such  as 
TP53BP1 ,  ATM,  p53,  BRCA1I2,  and  others  are  all  potential 
candidate  genes  with  known  polymorphisms  that  warrant  fur¬ 
ther  study.  Although  polymorphisms  in  any  given  candidate 
gene  may  show  only  modest  effects  on  radiation  outcomes, 
patterns  of  polymorphisms  in  multiple  genes  are  likely  to 
yield  clinically  relevant  results.  The  availability  of  SNP 
chips,  which  allow  simultaneous  evaluation  of  thousands  of 
genes,  makes  this  type  of  research  currently  available  and 
attractive  (71). 

Because  genetic  changes  are  present  in  both  tumor  tissues 
and  normal  tissues,  polymorphisms  can  be  associated  with 
tumor  response  as  well  as  normal  tissue  response.  In  this 
study  we  did  not  evaluate  normal  tissue  reactions  or  cosme- 
sis,  but  that  is  another  potential  endpoint  that  could  be  eval¬ 
uated  in  future  studies.  In  addition,  we  are  evaluating 
polymorphisms  in  other  genes  associated  with  radiation  re¬ 
sponse  to  assess  their  prognostic  potential.  In  the  era  of  in¬ 
creasing  attention  on  personalized  medicine,  this  area 
remains  a  unique  and  exciting  avenue  of  investigation  in 
translational  research. 
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Abstract  TSC1  acts  coordinately  with  TSC2  in  a 
complex  to  inhibit  mTOR,  an  emerging  therapeutic  target 
and  known  promoter  of  cell  growth  and  cell  cycle  pro¬ 
gression.  Perturbation  of  the  mTOR  pathway,  through 
abnormal  expression  or  function  of  pathway  genes,  could 
lead  to  tumorigenesis.  TSC1  and  TSC2  expression  is 
reduced  in  invasive  breast  cancer  as  compared  with  normal 
mammary  epithelium.  Because  single  nucleotide  poly¬ 
morphisms  (SNPs)  in  regulatory  genes  have  been  impli¬ 
cated  in  risk  and  age  at  diagnosis  of  breast  cancers, 
systematic  SNP  association  studies  were  performed  on 
TSC1  and  TSC2  SNPs  for  their  associations  with  clinical 
features  of  breast  cancer.  TSC1  and  TSC2  haplotypes  were 
constructed  from  genotyping  of  multiple  loci  in  both  genes 
in  healthy  volunteers.  SNPs  were  selected  for  further  study 
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using  a  bioinformatics  approach  based  on  SNP  associations 
with  drug  response  in  NCI-60  cell  lines  and  evidence  of 
selection  bias  based  on  haplotype  frequencies.  Genotyping 
for  five  TSC1  and  one  TSC2  loci  were  performed  on 
genomic  DNA  from  1,137  women  with  breast  cancer.  This 
study  found  that  for  TSC1  rs7874234,  TT  variant  carriers 
had  a  9-year  later  age  at  diagnosis  of  estrogen  receptor 
positive  (ER+),  but  not  ER— ,  ductal  carcinomas 
(P  =  0.0049).  No  other  SNP  locus  showed  an  association 
with  age  at  diagnosis,  nor  any  other  breast  cancer  pheno¬ 
type.  TSC1  rs7874234  is  hypothesized  to  be  functional  in 
ER+  breast  cancer  because  the  T  allele,  but  not  the  C 
allele,  may  create  an  estrogen  receptor  element  (ERE)  site, 
resulting  in  increased  TSC1  transcription  and  subsequent 
inhibition  of  mTOR. 

Keywords  Breast  cancer  risk  •  SNP  •  TSC1/TSC2  • 

Case  study 

G.  Atwal 

Quantitative  Biology,  Cold  Spring  Harbor  Laboratory, 

Cold  Spring  Harbor,  NY,  USA 

A.  J.  Levine 

Department  of  Pediatrics,  The  Cancer  Institute 
of  New  Jersey,  University  of  Medicine  and  Dentistry 
of  New  Jersey  Robert  Wood  Johnson  Medical  School, 

New  Brunswick,  NJ  08901,  USA 

S.  Metsugi  •  A.  J.  Levine 

Simons  Center  for  Systems  Biology,  Institute  for  Advanced 
Study,  Princeton,  NJ  08540,  USA 


Published  online:  25  July  2010 


<£)  Springer 


Breast  Cancer  Res  Treat 


Abbreviations 

TSC1  Tuberous  sclerosis  1 

TSC2  Tuberous  sclerosis  2 

SNP  Single  nucleotide  polymorphism 

ER  Estrogen  receptor 

ERE  Estrogen  receptor  element 

mTOR  Mammalian  target  of  rapamycin 

Background 

Breast  cancer  is  one  of  the  most  frequently  diagnosed 
cancers  in  women  [1],  where  etiology  is  postulated  to  be 
polygenic  [2],  Polymorphisms  in  genes  contributing  to 
tumorigenesis  are  less  penetrant,  but  may  account  for  the 
majority  of  breast  cancers  due  to  their  higher  frequency  in 
the  general  population  [2],  In  fact,  single  nucleotide  poly¬ 
morphisms  (SNPs)  have  been  implicated  in  risk  and  age  at 
diagnosis  of  breast  cancers  [3,  4],  One  such  polymorphism 
in  MDM2  was  found  to  lead  to  increased  risk  for  earlier 
age  at  diagnosis  of  estrogen  receptor  (ER)  positive  breast 
cancers  in  women  carrying  the  variant  allele  of  the 
SNP  [5], 

Although  breast  cancers  are  also  associated  with  muta¬ 
tions  in  the  highly  penetrant  breast  cancer  susceptibility 
genes,  BRCA1  and  BRCA2,  fewer  than  10%  of  cases  can 
be  attributed  to  this  etiology  [2],  What  is  known  based  on 
BRCA1  and  BRCA2  is  that  these  familial  syndromes  are 
associated  with  particular  breast  cancer  subtypes  [6], 
Breast  cancer  is  a  heterogeneous  disease  that  is  reflective  of 
its  molecular  features  and  histology  [7],  Whereas  BRCA1 
carriers  frequently  develop  hormone  receptor  negative 
disease,  the  phenotype  in  BRCA2  carriers  reflects  the  dis¬ 
tribution  observed  for  spontaneous  breast  cancer  [6], 
Therefore,  other  genetic  contributors,  including  SNPs,  may 
also  be  reflected  in  tumor  heterogeneity. 

Tuberous  sclerosis  is  an  autosomal  dominant  disorder 
that  results  from  mutations  in  the  tumor  suppressor  genes, 
TSC1  or  TSC2  [8  10].  Tuberous  Sclerosis  is  characterized 
by  benign  hamartomas  that  affect  multiple  systems 
including  the  brain,  skin,  heart,  and  kidneys  [8  10], 
Lymphangiomyomatosis,  a  manifestation  of  tuberous 
sclerosis  seen  in  30  40%  of  affected  women,  shares  some 
of  the  same  characteristics  of  breast  cancers  including 
the  following:  gender-dimorphism,  estrogen-modulation, 
increased  cell  proliferation  and  migration  [11  13],  TSC1 
acts  to  stabilize  TSC2,  preventing  its  degradation  and  both 
function  together  as  the  TSC1/TSC2  heterodimer  [8,  10], 
This  complex  inhibits  the  G  protein,  Rheb,  which  acts 
upstream  of  the  mammalian  target  of  rapamycin  (mTOR) 
kinase  [10,  14],  The  serine  threonine  kinase  mTOR  plays  a 
central  role  in  the  control  of  cell  growth  and  proliferation 
through  phosphorylation  of  its  effector  molecules,  4E-BP1 


and  S6K1  [15],  Activation  of  the  pathway  occurs  in 
response  to  growth  factors,  amino  acids,  and  nutrients, 
leading  to  mRNA  translation  and  ribosome  biogenesis  [15], 
TSC1/TSC2  complex  when  not  functional,  leads  to 
uncontrolled  mTOR  activity  causing  uncontrolled  cell 
growth  and  tumor  formation.  Rapamycin  inhibits  mTOR 
and  has  been  used  successfully  to  treat  individuals  with 
tuberous  sclerosis  [16].  Furthermore,  analogs  of  rapamycin 
are  currently  being  tested  in  breast  and  other  cancer  clinical 
trials  [14]. 

Despite  the  implications  highlighted  by  tuberous  scle¬ 
rosis  and  the  key  position  of  TSC1  and  TSC2  in  the  mTOR 
pathway,  few  studies  have  examined  the  role  of  TSC1  and 
TSC2  in  breast  cancer  [17],  We  investigated  a  panel  of  18 
TSC1  and  14  TSC2  SNPs  by  first  mapping  their  haplotypes 
and  using  bioinformatics  approaches  to  further  select 
potentially  functional  SNPs.  Five  germline  TSC1  SNPs  and 
one  germline  TSC2  SNP  were  evaluated  from  women  with 
breast  cancer  and  correlated  with  clinicopathologic  char¬ 
acteristics.  The  data  from  these  studies  indicates  that 
estrogen  signaling  may  modulate  the  effect  of  a  TSC1  SNP 
in  age  at  diagnosis  of  breast  cancer. 

Methods 

Subjects 

The  cohort  consisted  of  1,137  consecutively  enrolled 
patients,  invited  to  participate  in  this  prospective  study 
from  2004-present,  through  the  Stacy  Goldstein  Breast 
Cancer  Center  at  The  Cancer  Institute  of  New  Jersey 
(CINJ).  Over  95%  of  eligible  individuals  gave  consent  for 
participation.  A  history  of  biopsy-proven  breast  cancer  was 
verified  by  pathology  records  and  confirmed  on  review  by 
our  institutional  breast  pathologist.  Fewer  than  5%  of  cases 
were  not  available  for  review  and  for  those  pathological 
features  were  based  on  pathology  reports  from  other 
institutions.  Lobular  carcinoma  in  situ  (LCIS)  was  exclu¬ 
ded.  Negative  estrogen  receptor  (ER)  staining  was  defined 
as  <10%.  BRCA1/2  testing  was  performed  where  clinically 
indicated  and  patients  with  known  BRCA1/2  mutations 
were  then  excluded  from  age  at  diagnosis  analysis  due  to 
potential  confounding  bias.  Investigations  were  performed 
with  prior  approval  by  the  University  of  Medicine  and 
Dentistry  of  New  Jersey  Institutional  Review  Board. 

Determining  the  haplotype  structure 

A  list  of  18-tagged  SNPs  in  TSC1  and  14-tagged  SNPs  in 
TSC2  (Table  1)  was  generated  based  on  HapMap  data, 
representing  the  minimum  number  of  SNPs  necessary  to 
complete  the  haplotype  for  TSC1  and  TSC2.  The  SNP 
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Table  1  TSC1  and  TSC2  SNPs  used  to  generate  haplotype  structure 


Gene 

rs# 

Location 

Allele 

TSC1 

3761840 

Intron  2 

C/T 

11243929 

Intron  19 

C/T 

2809243 

Exon  22,  3'UTR 

A/G 

739441 

Exon  22,  3'UTR 

C/T 

2519757 

Intron  16 

C/T 

739442 

Exon  22,  3'UTR 

A/G 

11243940 

5'  end  (not  in  gene) 

A/G 

10491534 

3'UTR 

C/T 

2809244 

3'UTR 

A/C 

7026607 

Intron  1 

A/G 

1076160 

Intron  19 

C/T 

7874234 

Intron  1 

C/T 

7865232 

Intron  8 

C/T 

6597584 

Intron  19 

A/C 

13295634 

Intron  5 

G/T 

7870151 

Intron  13 

A/C 

4419933 

Intron  1 

C/T 

1073123 

Exon  10,  missense  mutation 

A/G 

TSC2 

2074969 

Intron  1 1 

A/G 

17654678 

Intron  15 

G/T 

30259 

Intron  32 

C/T 

13335638 

Intron  37 

C/T 

8063461 

Intron  16 

A/G 

2074968 

Intron  10 

C/G 

2073636 

Intron  5 

A/G 

8050755 

Intron  16 

C/T 

13331451 

Intron  22 

C/T 

7190284 

Intron  16 

A/C 

1800720 

Intron  5 

C/T 

12325450 

Intron  20 

C/T 

13337626 

Exon  23 

C/T 

8047396 

Intron  26 

C/G 

UTR  untranslated  region 


tagging  formalism  employed  an  information-theoretic 
definition  of  haplotype  diversity,  and  the  optimal  tag  SNPs 
were  chosen  using  a  greedy  procedure  [18]  that  minimized 
the  haplotypic  uncertainty  (unpublished).  This  SNP  tagging 
algorithm  was  designed  independently  of  Haploview  Tag¬ 
ger.  It  outperforms  Tagger  giving  similar  but  better  results, 
requiring  slightly  fewer  SNPs  to  tag  the  haplotypes. 
Genomic  DNA  isolated  from  lymphoblastoid  cell  lines 
(LCLs)  was  genotyped  to  determine  frequency  of  haplo¬ 
types  (demonstrated  for  one  locus  in  each  gene;  Fig.  1  and 
Online  Resource  1).  LCLs  were  obtained  from  Coriell 
Institute  for  Medical  research  (Camden,  NJ,  USA)  and 
represent  DNA  from  healthy  individuals.  For  both  TSC1 
and  TSC2,  only  haplotypes  occurring  at  greater  than  2% 
are  depicted. 
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Fig.  1  Haplotype  structure  and  gene  map  of  TSC1  for  Caucasians 
The  haplotype  structure  of  TSC 1  determined  from  analysis  of  LCLs  is 
shown,  along  with  the  gene  structure,  haplotype  block  for  rs7874234, 
and  relevant  haplotype  frequencies.  Below  the  haplotype  trees,  is  the 
gene  structure  of  TSC  1 ;  boxes  indicate  exons  with  intervening  spaces 
representing  intronic  sequence.  Below  the  gene  structure  is  the 
haplotype  block  and  corresponding  haplotype  frequencies.  Dashed 
lines  and  arrows  indicate  the  SNP  position  within  these  blocks  and 
location  on  the  corresponding  gene  map  above.  The  haplotype 
structure  and  corresponding  haplotype  frequencies  represent  the  SNPs 
immediately  adjacent,  either  right  or  left  of  the  reference  loci, 
rs7874234 

Candidate  TSC1  and  TSC2  SNPs  for  Clinical  Study 

Candidate  SNP  selection  for  further  study  in  the  breast 
cancer  cohort  was  achieved  by  two  different  approaches. 
The  first  approach  searched  for  SNPs  manifesting  signa¬ 
tures  of  natural  selection  in  the  pattern  of  genotype  corre¬ 
lations  with  nearby  SNPs.  To  identify  genetic  variants  that 
deviate  from  the  standard  assumptions  of  selective  neu¬ 
trality,  a  previously  described  and  publicly  available  map 
of  recent  positive  selection  of  the  human  genome  (Hap- 
lotter,  http://hg-wen.uchicago.edu/selection/haplotter.htm) 
was  utilized.  In  Haplotter,  recent  positive  selection  is 
determined  using  a  haplotype-based  approach  that  looks 
for  enrichment  of  the  classic  signal  for  strong  directional 
selection  using  the  phase  II  data  of  the  HapMap.  Haplotter 
utilizes  a  test  statistic  called  the  integrated  haplotype  score 
(iHS),  which  is  a  measure  that  includes  the  degree  of 
haplotype  homozygosity  around  a  given  SNP  [19].  Highly 
positive  and  negative  his  scores  denote  SNPs  that  harbor 
higher  haplotype  homozygosity,  compared  with  other 
SNPs  with  similar  allele  frequencies  in  the  genome.  Using 
this  methodology,  SNPs  in  TSC1  (rs7874234,  rs!076160. 
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rsl073123,  and  rs3761840)  and  SNPs  in  TSC2 
(rs  13335638)  were  identified. 

The  second  approach  was  based  on  associations  between 
the  genotypes  and  the  response  of  tumor  derived  cell  lines 
to  standard  chemotherapeutic  agents  (Online  Resource  2) 
[20,  21].  The  mutational  status  of  p53,  the  genotypes  of 
109,687  SNPs  (Affymetrix  125K  chip),  and  the  GI50  data 
for  the  NC160  cell  panel  of  tumor  derived  cell  lines  was 
obtained  from  the  NCI/NIH  Developmental  Therapeutics 
Program  web  site,  http://www.dtp.nci.nih.gov.  A  univariate 
test  was  undertaken  for  132  standard  agents  to  evaluate 
allelic  differences  in  the  GI50s.  Specifically,  the  average 
log  G150  [X  =  -  logl0(GI50)]  for  cells  for  each  of  the 
three  genotypes  of  a  given  locus  (AA,  Aa,  and  aa)  were 
calculated  for  cells  either  wild-type  or  mutant  for  p53. 
Subsequently,  the  probability  (P  value)  was  computed  that 
just  by  chance  the  difference  for  the  following  groupings 
either  was  equal  to  or  larger  than  the  actual  measurement: 
(a)  Xa  -  XAA  or  (b)  Xaa  -  XA,  or  (c)  XAA  -  Xa,  or  (d) 
XA  -  2faa,  or  (e)  [Xaa  -  AaA  and  XaA  -  XAA],  and  (f) 
[Aaa  —  XaA  and  XaA  —  Xlm\.  These  probabilities  were 
estimated  using  a  permutation  test  (106  permutations)  that 
preserved  the  allele  or  genotype  group  sizes  but  permuted 
the  samples  among  the  groups.  Results  P  <  0.05  were 
considered  significant  and  P  <  0.1  marginally  significant. 
A  multiple  hypothesis  test  was  performed  for  allelic  dif¬ 
ferences  in  the  GI50s  across  the  entire  panel  of  drugs. 
A  Fisher’s  exact  test  to  compute  the  statistical  significance 
of  observing  h  univariate  hits  for  a  SNP  on  a  total  of 
D  =  132  drugs,  given  that  overall  H  significant  hits  are 
observed  after  testing  S  reference  SNPs  on  the  D  drugs.  All 
109,687  Affymetrix  genotyped  SNPs  were  chosen  as  a 
reference  set.  Using  this  methodology,  TSC1  rs2809243 
and  TSC2  rs  13335638  were  identified  (Online  resource  2). 

Therefore  a  total  of  five  SNPs  in  TSC1  and  one  SNP  in 
TSC2  were  further  analyzed  for  associations  with  breast 
cancer  phenotypes,  i.e.  associations  of  age  at  diagnosis  and 
breast  cancer  subtype  (ductal  versus  lobular),  ER  status 
(ER-positive  versus  ER-negative)  and  menopausal  status  as 
well  as  recurrence. 

Genotyping 

Genomic  DNA  was  extracted  from  1  ml  of  peripheral  blood, 
obtained  through  venipuncture,  using  a  spin  column-based 
method  according  to  the  manufacturer’s  protocol 
(QIAGEN).  Genotyping  for  TSC1  and  TSC2  SNPs  was 
performed  using  Taqman  assays  on  the  ABI  7900HT  Fast 
Real-Time  PCR  System  (Applied  Biosystems).  Briefly, 
reactions  were  performed  using  5  10  ng  genomic  DNA  in 
10  pi  volume.  For  TSC1  rs7874234,  rsl076160,  rs2809243, 
rs3761840,  and  rsl073123  and  for  TSC2  rsl3335638,  PCR 
cycling  conditions  were  50°C  for  2  min,  95  °C  for  10  min, 


followed  by  45  cycles  of  92°C  for  15  s  and  60°C  for  1  min. 
Conditions  were  modified  to  optimize  reactions  for  the  fol¬ 
lowing  several  loci:  TSC1  rsl  1243940,  conditions  were 
identical  except  only  40  cycles  (instead  of  45  cycles)  were 
performed;  for  TSC1  rs739442  and  rsl0491534,  conditions 
were  identical  except  the  final  annealing  temperature  was 
58°C. 

Statistical  Analysis 

A  permutation  test  was  performed  to  determine  the  statis¬ 
tical  significance  of  differences  in  mean  age  at  diagnosis 
between  different  genotype  groups  (e.g.,  wild-type  homo¬ 
zygote  or  heterozygote  vs.  variant  homozygote).  This 
permutation  test  was  chosen  because  it  is  non-parametric, 
with  the  assumption  that  all  genotype  groups,  or  categories, 
are  equivalent  and  making  no  assumptions  about  the  age  of 
diagnosis  distribution.  Fisher’s  exact  test  was  used  to 
determine  the  statistical  significance  of  the  association 
between  categorical  values  for  each  genotype  group.  The 
odds  ratio  and  95%  confidence  interval  were  then  com¬ 
puted  using  a  Bayesian  estimate  for  the  odds  ratio  posterior 
distribution. 


Results 

Analysis  in  LCLs  and  haplotype  generation 

Using  genotype  data  generated  by  the  Hapmap  project,  the 
minimal  set  of  TSC1  and  TSC2  SNPs  sufficient  to  recon¬ 
struct  their  haplotypes  was  determined.  These  18-tagged 
SNPs  in  TSC1  and  14-tagged  SNPs  in  TSC2  were  analyzed 
in  LCLs,  obtained  from  healthy  individuals,  and  used  to 
generate  haplotype  frequencies  and  are  demonstrated  for 
two  loci  (Fig.  1  and  Online  Resource  1).  For  TSC1 
rs7874234,  since  genotype  frequencies  were  similar 
between  Caucasian  and  African  American  populations 
(Table  3),  only  the  haplotype  tree  for  the  Caucasian  pop¬ 
ulation  is  shown  (Fig.  1).  However,  since  genotype  fre¬ 
quencies  differed  between  the  Caucasian  and  African 
American  populations,  haplotype  trees  for  both  populations 
were  generated  for  TSC2  rsl3335638  (Online  Resource  1). 

The  major  TSC1  haplotypes  generated,  with  rs7874234 
as  the  reference  locus,  accounted  for  38.5,  18.9,  10.5,  9, 
and  2.6%  of  the  genotypes  in  the  Caucasian  population 
(Fig.  1)  and  was  similar  in  African  Americans  (Table  3). 
The  C  allele  was  more  prevalent  and  represented  57.4%  of 
the  haplotypes.  The  major  TSC2  haplotypes  generated, 
with  rsl3335638  as  the  reference  locus,  accounted  for 
63.0%,  7.6%,  6.1%,  3.2%  and  3.0%  of  the  genotypes  in 
Caucasians,  as  depicted  in  Online  Resource  1.  In  the 
Caucasian  population,  the  major  allele  was  the  T  allele  for 
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this  TSC2  SNP.  Haplotype  trees  for  both  Caucasian  and 
African  American  populations  are  shown  for  TSC2  (Online 
Resource  1).  For  African  Americans,  there  was  more  het¬ 
erogeneity,  and  the  major  haplotypes  occurred  at  frequen¬ 
cies  of  24.0,  22.2,  16.2,  11.0,  9.3,  5.1,  and  2.0%  (with  six 
haplotypes  occurring  at  2.0%).  In  the  African  American 
population,  both  the  C  and  the  T  allele  are  represented 
almost  equally,  with  one  C  allele  haplotype  accounting  for 
22.2%  of  the  genotypes,  and  one  T  allele  haplotype 
accounting  for  24.0%  of  the  genotypes. 

Demographics  and  SNP  Frequencies  in  the  Breast 
Cancer  Cohort 

The  demographics  for  the  breast  cancer  cohort  are  depicted 
in  Table  2.  The  data  shows  that  the  majority  of  women 
were  Caucasian  and  the  majority  of  cancers  were  ductal  in 
origin.  The  average  age  at  diagnosis  was  51.5  years,  with 
patients  ranging  from  19  89  years  of  age.  Nearly  75%  of 
all  breast  cancers  were  ER  positive. 


Table  2  Demographics  of  the  breast  cancer  cohort 


n 

% 

Ethnicity 

African  American 

63 

5.6 

Asian 

72 

6.4 

Caucasian 

869 

77.5 

Hispanic 

78 

7 

Other 

39 

3.5 

Type  of  Breast  Cancer 

Ductal 

807 

83.9 

Lobular 

94 

9.8 

Other 

61 

6.3 

Age  at  Diagnosis,  years 

Mean 

51.5 

Median 

50 

Range 

19  89 

ER  Status 

Neg 

235 

25.4 

Pos 

692 

74.6 

Population-specific  genotype  frequencies  were  observed 
for  TSC1  rs7874234  and  TSC2  rs  13335638  (Table  3). 
TSC1  genotype  frequencies  did  not  deviate  from  Hardy 
Weinberg  equilibrium  (HWE)  for  any  of  the  races  in  this 
cohort.  TSC1  rs7874234  genotype  frequencies  were  similar 
between  the  populations  depicted,  except  for  the  Asian 
population.  TSC2  rsl3335638  genotypes  were  in  HWE  for 
all  populations  except  the  Hispanic  subset.  Both  Asian  and 
Hispanic  populations  represent  a  small  number  of  indi¬ 
viduals  and  heterogeneity  in  area  of  participant  origin.  In 
Caucasians,  the  TT  genotype  was  observed  in  65.5%  of  the 
population.  However,  in  the  African  American  population, 
both  CC  and  TT  genotypes  were  equally  prevalent  (each 
accounting  for  29%  of  the  population). 

Association  between  TSC1  and  TSC2  SNPs 
and  breast  cancer  phenotypes 

Six  SNPs  across  TSC1  and  TSC2  were  evaluated  for  asso¬ 
ciations  with  breast  cancer  phenotypes  (Table  4).  For  all 
comparisons,  ancestral  homozygotes  versus  variant  homo¬ 
zygotes  were  used  to  determine  odds  ratios  and  P  values. 
Associations  for  TSC1  and  TSC2  SNPs  with  breast  cancer 
subtype  (ductal  versus  lobular),  ER  status  (ER-positive 
versus  ER-negative)  and  menopausal  status  at  diagnosis 
were  evaluated  but  no  significant  associations  were  found.  A 
trend  was  observed  for  an  association  between  ER  status  and 
TSC1  rsl073123  genotype,  though  it  did  not  reach  signifi¬ 
cance.  Likewise,  for  rs7874234,  the  mean  age  at  diagnosis 
between  ancestral  and  variant  homozygotes  differed  by 
3.4  years,  but  this  did  not  reach  significance. 

All  SNP  loci  were  evaluated  for  association  with  age  at 
diagnosis.  One  TSC1  SNP,  rs7874234,  showed  a  signifi¬ 
cant  association  with  age  at  diagnosis  as  depicted  in  Fig.  2. 
To  reduce  the  heterogeneity  in  the  study  population  and 
potential  confounders,  samples  were  stratified  into  groups 
with  the  same  cancer  subtype  and  ethnic  background.  In  a 
case-only  analysis  of  rs7874234,  for  Caucasian  women 
who  had  ER+  ductal  carcinomas,  CC,  CT,  and  TT  carriers 
had  an  average  age  at  diagnosis  of  52,  55  years  and 
61  years,  respectively.  Homozygous  variant  TT  carriers 
had  a  9-year  later  age  at  diagnosis  of  ER+  ductal 


Table  3  Genotype  Frequencies  for  relevant  TSC 1  and  TSC2  SNPs  for  all  populations  in  the  CINJ  breast  cancer  cohort 


SNP 

Genotype 

Caucasian,  n  (%) 

African  American,  n  (%) 

Asian,  n  (%) 

Hispanic,  n  (%) 

TSC1  rs7874234 

CC 

503  (59.5) 

35  (57.4) 

54  (75.0) 

45  (58.4) 

CT 

306  (36.2) 

20  (32.8) 

17  (23.6) 

26  (33.8) 

TT 

36  (4.3) 

6  (9.8) 

1  (1.4) 

6  (7.8) 

TSC2  rsl3335638 

CC 

30  (3.5) 

18  (29.0) 

0(0) 

7  (9.0) 

CT 

266  (31.0) 

26  (41.9) 

5  (7.1) 

19  (24.4) 

TT 

563  (65.5) 

18  (29.0) 

65  (92.9) 

52  (66.7) 
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Table  4  Association  between  TSC  SNPs  and  breast  cancer  phenotypes 

SNP  Ductal  versus  lobular  ER  versus  ER+  Pre  versus  post  A  Mean  age  at  P  value 

menopausal  diagnosis  diagnosis2 


OR  P  value  OR  P  value  OR  P  value 


TSC1  rs7874234  CC 

VS. 

TT 

0.21 

(0.03 

1.53) 

0.09 

0.73 

(0.38 

1.42) 

0.36 

1.52 

(0.68 

3.41) 

0.31 

+3.36 

0.06 

TSC1  rs  1076 160  CC 

vs. 

TT 

0.85 

(0.51 

1.42) 

0.53 

1.01 

(0.66 

1.53) 

0.98 

1.02 

(0.66 

1.58) 

0.91 

0.14 

0.44 

TSC1  rs2809243  AA 

vs. 

GG 

1.50 

(0.82 

2.76) 

0.19 

1.09 

(0.69 

1.73) 

0.71 

0.8 

(0.50 

1.28) 

0.34 

1.3 

0.12 

TSC1  rs  1073 123  AA 

vs. 

GG 

0.70 

(0.09 

5.50) 

0.74 

0.39 

(0.14 

1.08) 

0.06 

0.72 

(0.22 

2.38) 

0.58 

+0.75 

0.41 

TSC2  rsl3335638  TT 

'  vs 

.  CC 

1 

(0.38 

2.63) 

1 

1.23 

(0.61 

2.46) 

0.56 

1.22 

(0.54 

2.79) 

0.63 

1.18 

0.47 

a  Values  reflect  analysis  of  entire  breast  cancer  cohort 


Age  at  Diagnosis,  years 


Fig.  2  TT  genotype  of  TSC1  rs7874234  associates  with  a  later  age  at 
diagnosis  of  ER+  ductal  carcinomas  in  Caucasian  women  cumulative 
incidence  as  a  function  of  age  at  diagnosis  was  evaluated  for  TSC1 
rs7874234  to  determine  genotype  specific  effects.  The  breast  cancer 
population  demonstrates  ductal  ER+  carcinomas  in  Caucasian 
women.  CC  carriers  are  depicted  by  filled  diamonds ,  CT  carriers  by 
filled  squares ,  and  TT  carriers  by  filled  triangles 

carcinomas  as  compared  with  CC  carriers  ( P  =  0.0049). 
When  comparing  all  three  genotypes,  the  curve  for 
heterozygotes  fell  in  between  the  TT  and  CC  curves,  and 
associated  with  a  3-year  later  age  at  diagnosis  than  CC 
carriers  and  a  6-year  earlier  age  at  diagnosis  than  TT 
carriers  (P  =  0.00036).  When  stratifying  the  analysis  by 
post-menopausal  status,  post-menopausal  women  with 
ER+  ductal  carcinomas  showed  a  similar  pattern  of 
genotypes  for  age  at  onset  as  was  observed  in  Fig.  2  (data 
not  shown).  Specifically,  an  additive  effect  was  observed  in 
the  analysis  of  post-menopausal  women  with  ER+  ductal 
carcinomas.  CC,  CT,  and  TT  carriers  were  diagnosed  at  61, 
64,  and  68  years  of  age,  respectively  (P  =  0.00046).  None 
of  the  other  five  SNPs  showed  significant  associations  with 
age  of  diagnosis  by  any  stratification. 

Discussion 

Due  to  the  ubiquitous  role  of  TSC  1  and  TSC2  in  the  mTOR 
pathway  and  the  pathway  in  tumor  biology  [22],  a 


systematic  evaluation  of  clinical  associations  with  SNPs  in 
TSC1  and  TSC2  was  undertaken.  Analysis  of  TSC1  SNP 
rs7874234  in  this  breast  cancer  cohort  showed  that  in 
Caucasian  women,  variant  homozygote  TT  carriers  devel¬ 
oped  ductal  ER+  breast  carcinomas  on  average  9  years 
later  than  CC  carriers.  Furthermore,  the  intermediate  age  of 
diagnosis  of  heterozygotes  in  comparison  to  either  homo¬ 
zygote  indicates  an  additive  effect.  The  largest  differential 
appears  in  the  postmenopausal  age  group  (assuming  the 
average  age  of  menopause  in  the  US  is  5 1  years  of  age).  No 
other  significant  associations  were  observed  for  other  TSC 
SNP  loci  and  other  clinico-pathologic  variables,  including 
ER  status,  breast  cancer  subtype  and  menopausal  status. 

The  effect  observed  with  TSC1  rs7874234  indicates  a 
deleterious  effect  with  the  CC  genotype  and  that  the  TT 
genotype  confers  protection  against  earlier  development  of 
ER+  ductal  carcinomas.  Alternatively,  a  later  age  at 
diagnosis  for  TT  carriers  could  also  mean  that  tumors  in  TT 
carriers  are  slower-growing  and  take  longer  to  reach  a 
threshold  for  detection  than  CC  carriers.  In  silico  analysis 
showed  an  estrogen  receptor  element  (ERE)  within  the 
flanking  sequence  of  rs7874234.  Although  there  is  high 
variability  in  ERE  sequences,  comparison  of  known  EREs 
in  other  human  genes,  revealed  sequence  homology 
between  “GTTAG”  in  TSC1  with  the  ERE  identified  for 
Human  calbindin-D9k  [23],  However,  this  homology  only 
exists  for  the  T  allele.  This  is  suggestive  that  different 
alleles  in  rs7874234  may  affect  ER  binding. 

Taken  together,  these  findings  support  the  possibility 
that  the  T  allele  may  mediate  estrogen-specific  effects  in 
risk  towards  later  onset  breast  cancer.  It  is  hypothesized 
that  the  T  allele  allows  for  ER  to  bind  to  this  ERE  in  TSC1, 
activating  TSC1  transcription  and  increased  inhibition  of 
mTOR,  delaying  breast  cancer  in  TT  carriers.  The  C  allele, 
however,  does  not  allow  for  ER  binding,  and  therefore 
there  is  no  increased  inhibition  of  mTOR,  furthering  earlier 
tumorigenesis  in  CC  carriers. 

The  post-menopausal  effect  observed  fits  nicely  in  our 
hypothesized  mode  of  action  for  the  T  allele:  if  the  T  allele 
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increases  binding  affinity  of  activated  ER  and  hence  leads 
to  increased  TSC1  transcription,  this  would  make  TSC1  in 
carriers  more  sensitive  to  the  low  levels  of  circulating 
estrogens  in  post-menopausal  women.  In  premenopausal 
women,  because  the  circulating  levels  of  estrogens  are 
much  higher,  ER  binding  to  the  TSC1  ERE  is  not  limiting. 
Furthermore,  effects  of  estrogens  on  other  cell  pathways 
may  be  more  critical  in  premenopausal  women  [24].  Other 
SNP  association  studies  have  demonstrated  similar  post¬ 
menopausal  effects  [25  27].  A  recent  study  of  SNPs  in 
folate  and  alcohol  metabolic  pathway  genes  and  breast 
cancer  risk  showed  an  association  with  a  SNP  in 
5-methyltetrahydrofolate-homocysteine  methyltransferase 
reductase  (MTRR)  and  increased  risk  for  breast  cancer  in 
postmenopausal  but  not  premenopausal  women  [25]. 
Another  study  investigated  the  role  of  SNPs  in  ER-alpha 
and  other  estrogen-metabolizing  genes  and  breast  cancer 
risk  in  Chinese  women  and  found  that  postmenopausal  but 
not  premenopausal  breast  cancer  risk  was  associated  with  a 
heterozygous  CYP17  genotype  [26]. 

One  advantage  of  using  this  study  cohort  is  the  avail¬ 
ability  of  extensive  clinico-pathologic  information  that  was 
collected  for  all  study  participants.  Analysis  was  enhanced 
by  the  ability  to  reduce  heterogeneity  within  the  study 
cohort.  SNP  selection  which  was  supported  by  bioinfor- 
matic  analysis  reduced  the  number  of  SNPs  to  be  analyzed, 
making  this  a  cost-effective  approach.  This  analysis  was 
stratified  by  race,  while  other  subgroup  analysis  was  lim¬ 
ited  due  to  small  numbers. 

Further  study  in  a  larger  cohort  would  allow  the  detec¬ 
tion  of  associations  in  other  subgroups.  For  example, 
analysis  of  this  SNP  in  the  African  American  population 
showed  no  significant  association  with  age  at  diagnosis  of 
ductal  ER+  breast  carcinomas;  however,  this  may  be  due 
to  the  small  number  of  African  American  patients  with  a 
TT  genotype.  Furthermore,  defining  the  molecular  mech¬ 
anism  of  SNP  functionality  would  further  support  the 
association  observed  for  rs7874234.  TSC1  has  not  been 
previously  shown  to  be  regulated  by  estrogen,  and  while 
informatics  gave  evidence  for  a  plausible  explanation  for 
rs7874234  functionality,  the  possibility  exists  that  another 
SNP,  not  rs7874234,  could  be  the  functional  SNP.  There¬ 
fore,  the  effect  observed  could  be  due  to  other  SNP(s)  in 
the  haplotype  represented  by  rs7874234.  As  a  case-only 
study,  a  limitation  of  this  study  is  that  it  only  evaluated  one 
aspect  of  risk,  i.e.,  age  at  diagnosis,  whereas  overall  risk  for 
development  of  breast  cancer  would  provide  further  clini¬ 
cal  utility  in  potentially  identifying  individuals  at  risk  for 
the  disease  and  knowing  the  optimal  time  for  screening  and 
prevention. 

In  this  cohort,  no  association  was  found  between  any 
TSC  SNPs  and  recurrence  (data  not  shown).  Although 
analysis  of  drug  response  in  the  NCI-60  cell  lines 


demonstrated  genotype-specific  effects  for  another  TSC1 
SNP,  rs2809243,  these  results  were  dependent  on  p53 
status  (Online  Resource  2).  In  a  p53  mutant  background, 
the  genotypes  for  rs2809243  significantly  differed  in  their 
growth  inhibition  to  several  different  chemotherapeutic 
agents! P  =  4.7  x  10-7).  However,  the  heat  maps  showed 
a  divergent  effect  between  a  p53  mutant  versus  p53  wild- 
type  background.  For  example,  the  TT  genotype  associated 
with  a  better  response  to  alkylating  agents  in  a  p53  mutant 
background,  while  the  CC  genotype  associated  with  better 
response  to  these  same  agents  in  a  p53  wild-type  back¬ 
ground,  indicating  an  opposing  effect  between  p53  mutant 
and  p53  wild-type  backgrounds  for  the  same  class  of  drugs 
(Online  Resource  2).  Overall,  the  T  allele  associated  with 
better  response  in  the  p53  setting,  while  the  C  allele  cor¬ 
related  with  better  response  in  a  mutant  p53  background. 
Since  upwards  of  30%  of  tumors  harbor  p53  mutations  in 
breast  cancer  [28],  the  absence  of  a  recurrence-phenotype 
in  the  breast  cancer  cohort,  where  p53  status  is  unknown, 
may  not  reflect  a  true  lack  of  association. 

In  summary,  we  found  that  the  TSC1  rs7874234  variant 
associated  with  delayed  age  at  diagnosis  of  ER-positive 
ductal  carcinomas  in  Caucasian  women.  The  observed 
findings  are  intriguing  and  bear  confirmation  in  other  breast 
cancer  populations. 
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Several  female  malignancies  including  breast,  ovarian,  and  endometrial  cancers  can  be  characterized  based  on  known  somatic 
and  germline  mutations.  Initiation  and  propagation  of  tumors  reflect  underlying  genomic  alterations  such  as  mutations, 
polymorphisms,  and  copy  number  variations  found  in  genes  of  multiple  cellular  pathways.  The  contributions  of  any  single  genetic 
variation  or  mutation  in  a  population  depend  on  its  frequency  and  penetrance  as  well  as  tissue-specific  functionality.  Genome 
wide  association  studies,  fluorescence  in  situ  hybridization,  comparative  genomic  hybridization,  and  candidate  gene  studies  have 
enumerated  genetic  contributors  to  cancers  in  women.  These  include  p53,  BRCA1,  BRCA2,  STK1 1,  PTEN,  CHEK2,  ATM,  BRIP1, 
PALB2,  FGFR2,  TGFB1,  MDM2,  MDM4  as  well  as  several  other  chromosomal  loci.  Based  on  the  heterogeneity  within  a  specific 
tumor  type,  a  combination  of  genomic  alterations  defines  the  cancer  subtype,  biologic  behavior,  and  in  some  cases,  response  to 
therapeutics.  Consideration  of  tumor  heterogeneity  is  therefore  important  in  the  critical  analysis  of  gene  associations  in  cancer. 


1.  Inherited  Mutations  that  Predispose  to 
Cancers  in  Women 

There  is  strong  evidence  that  inherited  genetic  factors 
(mutations  plus  single  nucleotide  polymorphisms)  can  play 
a  major  role  in  breast  cancer  susceptibility  [1].  Inherited 
mutations  in  a  small  number  of  genes  account  for  about 
five  to  ten  percent  of  women’s  cancers.  These  inherited 
variations,  identified  in  breast,  ovarian,  and  endometrial 
cancer  susceptibility,  can  be  characterized  in  the  general 
population  by  their  frequency  and  the  magnitude  of  their 
impact  upon  a  patient  (Table  1).  Some  inherited  variants 
occur  rarely  in  the  general  population,  but  confer  large  risks 
to  the  individual.  Examples  of  these  genes  are  BRCA1  and 
BRCA2  in  breast  and  ovarian  cancers.  A  second  class  of 
inherited  variants  confers  a  lower  risk,  and  these  variants  are 
also  rare  in  the  general  population.  An  example  of  this  class 
of  genes  is  a  mutation  in  the  CHEK2  gene  in  breast  cancer. 
The  third  class,  composed  of  high-risk  variants  that  are  also 
common  in  the  population,  has  never  been  identified  by  the 


methods  presently  available  and  may  in  fact  not  exist  because 
it  may  well  be  strongly  selected  against  in  populations. 
Finally,  a  fourth  class  of  inherited  variants  includes  those 
that  confer  low  disease  risk  to  the  individual,  but  occur  at 
higher  frequencies  in  populations.  These  include  some  of 
the  recent  findings  from  genome-wide  association  studies 
(GWASs)  mostly  with  breast  cancers.  A  summary  of  the 
major  findings  to  date  for  these  genes  is  in  Table  1  and  is 
discussed  in  what  follows. 

Despite  these  advances  made  in  identifying  inherited 
breast  cancer  susceptibility  genes,  the  vast  majority  of  breast 
cancers  are  sporadic,  that  is,  no  identifiable  mutation  in  one 
of  the  known  breast  cancer  susceptibility  genes.  While  this 
may  reflect  the  fact  that  we  have  yet  to  identify  the  next 
BRCA  gene,  it  may  also  reflect  the  polygenic  nature  of  breast 
cancer  susceptibility.  Other  contributors  to  genetic  suscep¬ 
tibility,  for  example,  polymorphisms,  may  have  a  higher 
relative  contribution  to  risk,  but  their  lower  penetrance 
makes  identification  more  difficult.  Furthermore,  modifi¬ 
cation  of  genetic  susceptibility  by  environmental  factors, 
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Table  1:  Genetic  loci  implicated  in  hereditary,  familial,  and 
sporadic  breast  cancer  susceptibility 


High  penetrance, 
low  frequency 

Low  penetrance, 
low  frequency 

Low  penetrance, 
High  frequency 

BRCA1 

CHEK2 

FGFR2 

BRCA2 

ATM 

LSP1 

PTEN 

PALB2 

MAP3K1 

p53 

BRIP1 

TGFB1 

STK11 

TOX3 

2q35 

8q 

both  endogenous  and  exogenous,  may  alter  the  degree  of 
penetrance.  Supporters  of  the  polygenic  nature  of  breast 
cancer  suggest  that  the  contributions  from  polymorphisms 
are  very  important  because  of  their  high  frequency  in  the 
population. 

1.1.  High-Penetrance,  Low-Frequency  Inherited  Variants. 
Although  inherited  mutations  in  a  small  number  of  genes 
account  for  only  about  five  to  ten  percent  of  women’s 
cancers,  by  far  the  BRCA1  and  BRCA2  gene  mutations  are 
the  most  common  examples  of  this  observation  (50-70%  of 
familial  breast  cancers)  [2].  In  some  populations  BRCA1  and 
BRCA2  mutations  can  account  for  ten  percent  of  all  breast 
cancers  (Ashkenazi  Jewish  populations)  and  ovarian  cancers 
but  in  many  ethnic  groups  and  in  all  populations  taken 
together  these  mutations  are  much  rarer  (reviewed  in  [3]). 
The  BRCA1  and  BRCA2  proteins  appear  to  be  scaffolding 
proteins  that  assemble  DNA  repair  complexes  of  proteins 
at  double-strand  DNA  breaks  (mediating  homologous  DNA 
repair  processes)  (reviewed  in  [4]).  Mutations  in  these 
genes  result  in  a  faulty  repair  process  and  a  high  mutation 
rate,  especially  during  DNA  replication,  leading  to  cancers. 
The  penetrance  of  these  mutations  for  cancer  occurrence 
and  the  age  of  onset  of  these  cancers  in  women  can  be 
quite  variable.  There  have  been  a  number  of  other  possible 
functions  ascribed  to  the  BRCA1  and  BRCA2  proteins  such 
as  ubiquitin  ligase  activity  and  a  modifier  of  transcription 
and  it  is  certainly  possible  that  these  protein  complexes 
act  in  several  ways  [5].  Breast  cancers  initiated  in  women 
who  are  heterozygous  for  BRCA1  or  BRCA2  often  have  a 
reduction  to  homozygosity  at  the  BRCA-locus  eliminating 
its  functions.  This  results  in  DNA  damage  in  the  tumor 
which  should  activate  the  p53  protein  resulting  in  apoptosis, 
senescence,  or  cell  cycle  arrest.  If  this  is  the  case,  the  p53 
gene  product  would  be  a  suppressor  of  this  cancer  phenotype 
and  contribute  to  the  variable  penetrance  of  these  breast 
cancer  genes.  Consistent  with  this  is  the  observation  that 
BRCAl/2-initiated  breast  cancers  have  very  high  rates  (29- 
84%)  of  somatic  p53  mutations  compared  to  14-35%  in 
non-BRCAl/2-related  breast  cancer  [6]. 

Inherited  mutations  in  several  other  genes,  such  as  PTEN 
and  p53,  can  give  rise  to  cancers  in  women.  Cowden’s  Disease 
is  a  heterozygous  deficiency  in  the  PTEN  gene  that  can 
result  in  breast,  endometrial,  and  other  cancers  [3,  7].  The 


PTEN  protein  is  a  lipid  (PIP-3)  phosphatase  that  modulates 
a  growth  factor  pathway,  in  turn  regulating  metabolic 
pathways  in  cells,  angiogenesis,  mitochondrial  functions  and 
apoptotic  functions  [8].  Genetic  alterations  in  this  pathway 
are  among  the  most  common  somatic  mutations  observed  in 
breast  and  endometrial  cancers  [9,  10].  Mutations  in  LKB1 
also  predispose  to  breast  and  ovarian  cancers  as  one  of  the 
phenotypes  in  Peutz-Jeghers  syndrome  [3,  11].  Inherited 
defects  in  one  allele  of  the  p53  gene  give  rise  to  Li-Fraumeni 
syndrome,  where  a  subset  of  the  cancers  observed  at  an  early 
age  are  breast  cancers  [12]. 

1.2.  Low-Penetrance,  Low-Frequency  Inherited  Variants.  This 
class  of  inherited  variants  is  difficult  to  detect  with  existing 
methods  because  the  rarity  of  these  variants  and  coupled 
with  small  effect  sizes  this  means  that  most  association 
studies  will  not  be  able  to  detect  them  due  to  limitations  in 
population  sizes  under  study.  In  the  extreme,  these  variants 
may  represent  “private”  mutations  that  confer  a  small  degree 
of  risk  to  very  few  individuals  in  this  population,  such  that 
nearly  every  person  would  have  a  unique  set  of  predisposing 
alleles.  While  it  has  been  difficult  to  detect  inherited  variants 
of  this  type  there  are  several  examples  of  this  type  of  variant 
which  were  uncovered  by  examining  candidate  genes  that  an 
investigator  suspected  played  a  role  in  a  cancer.  Inherited 
alterations  in  the  CHEK2  gene  which  normally  produces 
a  protein  kinase  found  in  signal  transduction  pathways 
(p53  pathway  and  others),  alerts  the  cell  that  there  is  DNA 
damage  and  its  loss  can  have  an  impact  upon  several  types 
of  cancer  [13].  Similarly  the  ATM  protein  kinase  harbors 
genetic  variants  that  detect  single-  and  double-strand  breaks 
in  the  DNA  and  signals  to  the  p53  pathway  and  other  DNA 
repair  processes.  Variants  in  this  gene  could  lower  or  raise 
the  sensitivity  of  this  DNA  damage  detector  and  impact  upon 
the  efficiency  of  p53  and  its  tumor  suppressor  pathway  and 
can  predispose  women  to  breast  cancers  [14].  The  BRIP1 
gene  (BRCA1  interacting  protein- 1)  encodes  a  protein  that 
is  a  DNA/RNA  helicase  of  the  REC  Q  family  that  binds 
to  the  carboxy- terminus  of  BRCA1  protein  conferring  an 
activity  involved  in  DNA  repair  and  variants  of  this  gene 
can  predispose  to  breast  cancers  [15].  Interestingly  this  gene 
product  is  also  a  component  of  the  Fanconi  anemia  gene 
pathway  for  DNA  repair  processes.  Finally  the  PALB2  gene 
product  (partner  and  localizer  of  BRCA2)  is  part  of  the 
BRCA2  protein  complex  and  plays  a  role  in  DNA  repair. 
It  has  recently  been  shown  to  be  a  genetic  determinant  of 
familial  breast  and  other  cancers  primarily  in  the  certain 
populations,  but  found  at  even  lower  frequency  in  other 
populations  [16]. 

1.3.  Low-Penetrance,  High-Frequency  Inherited  Variants. 
Fewer  than  10%  of  breast  cancers  are  attributable  to  known 
mutations  in  breast  cancer  susceptibility  genes  BRCA1  and 
BRCA2.  The  multigenic  susceptibility  due  to  common,  low- 
penetrance  risk  markers  is  yet  to  be  defined  [1,  17-20], 
Both  candidate  gene  [21]  and  genome-wide  association 
studies  have  identified  novel  markers  for  susceptibility  [22- 
25]  and  prognosis  [26].  Genome-wide  association  studies 
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have  become  widely  used  to  identify  commonly  occurring 
alleles  at  disease  susceptibility  loci.  These  studies  use  a  large 
number  of  high-density  markers  to  identify  associations 
with  disease  that  rely  upon  patterns  of  linkage  disequilib¬ 
rium  in  the  human  genome.  GWASs  have  been  successful 
in  identifying  genes  for  breast  cancer,  and  GWASs  for 
ovarian  and  endometrial  cancers  are  underway  although 
several  investigators  have  validated  findings  from  GWAS 
studies  designed  originally  for  breast  cancer  studies  but 
employed  for  ovarian  cancer  [27].  Some  of  the  more 
reproducible  genes  that  GWASs  studies  have  indicated  can 
play  a  role  in  the  risk  for  developing  breast  cancers  include 
FGFR2,  LSP1,  MAP3K1,  TGFB1,  TOX3,  2q35,  and  8q 
[17,  22,  24], 

2.  Somatic  Mutations  That  Are  Commonly 
Observed  in  Women’s  Cancers 

Both  gene  amplifications  and  deletions  can  lead  to  common 
somatic  mutations  in  women’s  cancers.  Among  the  amplifi¬ 
cations  are  the  following.  (1)  HER-2/Neu,  amplified  in  about 
15%  of  the  breast  cancers,  is  a  growth  receptor  that  activates 
the  Ras-MEK  and  the  PI3K  pathways  in  cancer  cells  [28].  (2) 
Cyclin  D,  amplified  in  about  10-12%  of  the  breast  cancers, 
is  a  subunit  of  the  cyclin  dependent  kinase  -4/6  that  acts 
upon  the  Rb  protein  freeing  the  E2F  transcription  factor  for 
entry  into  the  cell  cycle  [28,29].  (3)  WIP1,  amplified  in  about 
13%  of  breast  cancers,  is  a  serine/threonine  phosphatase 
that  inactivates  the  ATM  kinase  and  the  p53  protein  [30]. 
The  GASC1  gene,  which  produces  a  histone  demethylase 
activity,  is  amplified  in  about  5-10%  of  breast  cancers  but 
20-25%  of  the  basal  breast  cancers.  This  enzyme  removes 
dimethyl  and  trimethyl  groups  from  histone  H-3  lysine- 
9  and  36  residues  which  results  in  altered  transcriptional 
patterns  in  these  cells.  Inactivation  of  gene  functions  by 
deletion  or  other  mechanisms  commonly  occurs  in  (1) 
PTEN  in  breast,  ovarian,  and  endometrial  cancers,  and  (2) 
p53  in  HER2/neu  positive  breast  cancers,  triple  negative 
breast  cancers,  and  BRCA-associated  breast  and  ovarian 
cancers.  PI3K  amplifications  and  activating  mutations  are 
common  in  breast  and  endometrial  cancers  [31,  32]  and  Ras 
activating  mutations  are  common  in  endometrial  cancers. 
Several  genes  such  as  AKT  and  STAT3  are  often  expressed  at 
high  activities  in  all  of  these  cancers  but  without  detectable 
amplifications  of  those  genes.  Epigenetic  alterations,  such  as 
methylation  of  cytosine  residues  in  CpG  dinucleotides,  can 
bring  about  the  inactivation  of  genes  (pl6  gene  in  breast 
cancers)  while  mismatch  repair  defects  have  been  observed 
to  enhance  the  mutation  rate  of  many  genes  in  endometrial 
cancers.  In  addition  to  those  somatic  mutations  discussed 
here,  a  large  number  of  mutations  in  many  oncogenes  and 
tumor  suppressor  genes  have  been  observed  at  lower  rates  in 
women’s  cancers. 

Large  copy  number  variations  in  genetic  loci  from 
tumor  tissues  have  been  observed  using  fluorescent  in  situ 
hybridization  (FISEI),  comparative  genomic  hybridization 
(CGH),  and  a  reduced  heterozygosity  of  single  nucleotide 
polymorphisms  over  large  regions  of  a  chromosome.  This 


type  of  genomic  instability  has  been  observed  at  many  loci  in 
all  chromosomes  in  some  breast  tumors.  Other  breast  tumors 
demonstrate  little  or  no  genomic  instability  (below  the  level 
of  detection).  As  a  generalization  those  individuals  who 
have  tumors  that  demonstrate  very  high  levels  of  genomic 
instability  have  a  poorer  prognosis  [33].  While  some  loci  are 
repeatedly  amplified,  as  occurs  in  Her2  overexpressing  breast 
cancers,  or  deleted,  as  with  PTEN  in  endometrial  cancers,  the 
heterogeneity  of  mutations  in  women’s  cancers  is  striking. 
There  are  many  mutational  paths  to  initiate  and  propagate 
a  tumor. 

Notably  however,  somatic  mutations  often  occur  in  genes 
where  germline  mutations  in  those  same  genes  are  the 
etiologic  factors  in  cancer  susceptibility  syndromes.  Alter¬ 
natively,  somatic  mutations  occur  in  other  genes  involved 
in  regulatory  aspects  of  those  vital  pathways.  Despite  the 
number  of  mutational  pathways  to  initiate  and  propagate 
tumors,  several  specific  genomic  alterations  are  associated 
with  particular  breast  cancer  phenotypes.  These  phenotypes 
are  manifested  in  their  molecular  profile,  biology,  and 
prognosis.  Patterns  of  transcriptional  profiles  obtained  from 
breast  tumors  have  permitted  a  fairly  reproducible  classifi¬ 
cation  of  breast  cancers  that  are  derived  from  different  cell 
types  or  have  evolved  under  the  influence  of  different  gene 
expression  patterns  [34-38].  These  different  transcriptional 
patterns  correlate  well  with  critical  diagnostic  criteria  (ER+, 
PR+,  fFER-2/neu+,  triple  negative,  BRCA1)  that  guide  both 
diagnosis  and  treatment  protocols  for  these  types  of  breast 
cancers.  The  classification  also  correlates  well  with  some 
mutations  such  as  p53,  but  other  causal  mutations  such 
as  cyclin  D  and  WIP1  amplifications,  PI3K  and  STAT3 
activations  need  to  be  explored.  Classification  based  upon 
transcriptional  profiles  also  associates  well  with  several 
clinical  parameters.  For  example,  luminal  A  cancers  are 
hormone  receptor  positive,  are  diagnosed  primarily  in  older 
women,  are  low  grade  with  low  proliferative  index,  and  have 
mainly  wildtype  p53  [35,  38].  Luminal  B  cancers  also  tend 
to  retain  wildtype  p53  but  have  reduced  or  absent  expression 
of  progesterone  receptor  and  are  more  likely  to  recur  than 
luminal  A  cancers  [35,  36,  38].  In  contrast  to  luminal 
tumors,  basal  cancers  are  hormone  receptor  negative  and 
Her2  negative,  are  more  likely  to  be  diagnosed  in  young,  pre¬ 
menopausal  women,  are  high  grade  with  high  proliferative 
index,  and  are  associated  with  higher  risk  of  recurrence  [35- 
38].  Her2-amplified  breast  cancers,  regardless  of  hormone 
receptor  status,  are  of  higher  grade  and  proliferative  index, 
have  worse  prognosis  with  higher  recurrences  in  first  five 
years  after  diagnosis,  and  commonly  have  p53  mutations 
[35,  36].  Like  basal  tumors,  BRCAl-associated  breast  cancers 
predominantly  occur  in  young,  premenopausal  women,  are 
primarily  hormone  receptor  negative,  and  the  most  likely  to 
carry  p53  mutations  [34],  Unfortunately  this  type  of  detail 
and  analysis  does  not  yet  exist  for  ovarian  and  endometrial 
cancers. 

Thus,  it  is  now  clear  that  there  are  at  least  five  types 
of  breast  cancer  with  characteristic  transcriptional  profiles 
that  can  harbor  some  subset  of  mutations  that  drive  these 
cancers  [39].  Importantly,  each  type  of  breast  cancer  calls  for 
different  treatment  protocols  and  often  results  in  different 
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outcomes.  We  have  only  partially  established  the  critical 
mutational  patterns  in  each  type  of  breast  cancer  and  we 
have  only  begun  to  extend  this  type  of  analysis  to  other 
women’s  cancers.  However,  it  is  apparent  that  breast  cancer 
heterogeneity  reflects  underlying  genomic  alterations  leading 
to  different  biology  and  phenotypes. 

3.  Single  Nucleotide  Polymorphisms  (SNPs)  and 
Their  Phenotypes 

Inherited  mutations  in  genes  involved  in  DNA  repair  pro¬ 
cesses  (BRCA1,  BRCA2),  cell  cycle  checkpoints  and  apoptosis 
(p53  ,  Rb),  and  gene  products  that  regulate  critical  pathways 
(PTEN)  clearly  play  a  central  role  in  predetermining  the 
initiation  of  cancers,  often  with  an  incomplete  penetrance. 
Polymorphic  alleles  in  many  additional  genes,  often  in  these 
same  signal  transduction  pathways,  can  also  contribute, 
albeit  in  a  smaller  quantitative  fashion,  to  the  origins  of 
a  cancer,  the  propagation  of  a  cancer,  and  the  treatment 
responses  of  a  cancer.  By  definition  a  mutation  in  a  gene 
occurs  rarely  in  a  population  (below  1%  of  the  population 
under  study)  while  a  polymorphism  occurs  more  commonly. 
Because  these  polymorphic  alleles  can  act  cooperatively 
and  many  genes  in  the  same  signal  transduction  pathway 
can  show  epistatic  relationships,  single  nucleotide  polymor¬ 
phisms  (SNPs)  and  copy  number  variations  (CNVs)  can  have 
observable  impact  upon  the  incidence  of  a  cancer  in  a  defined 
population,  the  age  of  onset  of  a  cancer,  the  response  to 
treatment,  the  frequency  of  relapse,  and  the  overall  survival 
of  a  patient  population.  Thus  in  addition  to  inherited 
mutations,  SNPs  and  CNVs  in  a  population  provide  a  genetic 
background  that  can  influence  the  cancer  cells  harboring 
the  inherited  and  somatic  mutations  that  arise  and  cause  a 
tumor.  The  phenotypes  observed  in  people  with  inherited 
mutations  in  cancer  causing  genes  are  an  increased  incidence 
of  cancers  in  a  family  or  population  and  an  earlier  age  of 
onset  of  a  cancer  than  observed  in  the  total  population. 
Mutations  in  the  p53  gene  show  this  pattern  and  in  addition 
multiple  independent  cancers  in  the  same  individual  can  be 
observed  [3,  12].  Inherited  mutations  also  often  produce 
a  limited  set  or  tissue  type  of  cancer  such  as  BRCA1  or 
BRCA2  with  breast  and  ovarian  tumors  [3] .  It  is  thought  that 
the  BRCA1  and  BRCA2  proteins  function  in  many  tissues 
to  repair  DNA  damage,  so  the  limited  cancer  causation 
to  breast  and  ovary  remains  a  mystery.  Indeed  all  of  the 
tumor  suppressor  genes  demonstrate  a  tissue  preference  in 
the  tumors  they  cause  when  they  function  as  inherited  alleles 
but  somatic  mutations  in  those  same  genes  are  often  found  in 
a  much  wider  group  of  cancers  of  different  tissues  [40] .  SNPs 
and  CNVs  will  likely  also  have  limited  tissue  impact  upon 
cancers  and  like  inherited  mutations,  functioning  through¬ 
out  development  and  life,  can  have  cumulative  impact  over 
a  lifetime. 

The  possible  role  of  a  SNP  or  an  CNV  in  cancer  is 
usually  demonstrated  by  an  association  study  correlating 
the  presence  of  an  “at-risk”  allele  with  the  incidence  of 
a  cancer  or  a  related  phenotype.  This  is  fundamentally  a 
statistical  argument  that  provides  correlation,  not  causality. 


The  situation  gets  better  if  the  at-risk  allele  can  be  shown, 
in  vitro  or  in  vivo,  to  have  a  different  level  or  activity  that 
could  lead  to  the  population  wide  phenotype.  Examples  of 
these  correlations  are  now  being  demonstrated  for  results 
from  GWAS  and  are  taking  into  account  tumor  subtypes 
[41].  Thus  molecular  and  cellular  studies  can  provide  an 
important  rational  for  the  population  study  results.  In  some 
cases  it  may  also  be  possible  to  model  the  at-risk  allele 
in  another  genetic  system,  such  as  a  mouse  carrying  the 
alternate  human  alleles  in  the  orthologous  gene  of  the  mouse. 
One  would  then  explore  the  phenotypes  observed  in  humans 
using  such  a  mouse  model.  In  this  way  it  may  be  possible  to 
move  from  correlation  to  causality.  In  the  process  of  these 
studies  one  may  learn  about  the  details  of  the  properties  of 
an  SNP  or  CNV  that  enlightens  the  population  studies.  A 
very  good  example  of  this  is  an  SNP,  SNP309,  in  the  first 
intron  of  the  MDM2  gene  in  humans.  The  MDM2  protein 
is  a  ubiquitin  ligase  which  negatively  regulates  p53  levels  in 
a  cell  by  polyubiquitination  of  the  p53  protein  followed  by 
its  degradation.  Thus  MDM2  levels  and  activity  in  a  cell 
regulate  the  p53  protein  levels  in  a  cell.  SNP309  in  the  MDM2 
gene  comes  in  two  forms,  a  G-allele  and  a  T-allele.  The  first 
intron  of  the  MDM2  gene  contains  sites  for  transcription 
factors  that  regulate  the  levels  of  the  MDM2  mRNA.  The 
G-allele  binds  a  transcription  factor,  Sp-1,  better  than  the 
T-allele  [42].  Ten  base  pairs  away  from  this  Sp-1  site  is  an 
ER  binding  site  and  the  Sp-1  and  ER  transcription  factors 
can  interact  so  that  the  highest  levels  of  MDM2  mRNA  and 
protein  are  produced  in  cells  that  are  G/G  homozygotes  and 
ER+  and  exposed  to  estrogen  as  shown  in  breast  cancer 
cells  in  culture.  Indeed  the  association  of  the  G-allele  of 
SNP  309  with  an  early  age  of  onset  of  a  cancer  is  most 
commonly  observed  in  premenopausal  women  with  ER+ 
tumors  [43].  Thus  if  one  analyzes  all  women  with  breast 
cancers  for  an  association  with  the  presence  of  the  “at- 
risk”  allele  of  this  SNP  the  statistical  test  for  an  association 
commonly  fails.  Only  when  the  association  is  tested  with 
premenopausal  females  with  ER+  tumors  can  a  clear  associ¬ 
ation  be  found.  This  is  a  good  example  of  understanding  the 
biology  and  genetics  before  one  undertakes  large  association 
studies. 

The  human  genome  of  any  individual  contains  about 
three  million  SNPs  that  distinguish  that  person  from  another. 
In  the  population  of  humans  there  are  an  estimated  fifty 
million  SNPs.  Most  of  these  differences  have  no  detectable 
phenotype.  Because  of  this,  large  genome  wide  scans 
(GWAS)  of  SNPs  now  employ  a  million  SNPs  to  test  for  an 
association  with  a  disease  [44].  This  is  clearly  an  exercise 
in  multiple  hypothesis  testing  and  so  one  requires  very 
large  populations  of  cases  (and  controls)  and  a  statistical 
significance  (a  type  1  error  rate)  that  provides  a  P  = 
1(T7  value.  Even  then  the  number  of  false  positives  can 
be  large  and  so  repeated  independent  studies  are  required 
to  refine  the  truly  significant  associations.  This  is  in  part 
why  many  SNP  associations  with  cancers  have  been  so 
poorly  reproducible.  Small  study  populations  will  often  give 
lots  of  false  positives  not  observed  in  independent  repeat 
studies.  In  case-control  studies  where  one  is  examining 
the  different  allele  frequencies  in  a  case  and  a  control 
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group  there  is  presently  no  mathematical  test  to  prove  that 
these  two  populations  are  equivalent.  Allele  frequencies  can 
differ  in  racial  groups  or  other  populations  and  while  it 
is  easy  to  control  for  some  parameters  we  do  not  know 
all  of  the  variables.  In  spite  of  these  difficulties  several 
recent  publications  employing  GWAS  approaches  with  large 
populations  have  been  reported  for  associations  with  breast 
cancers,  colorectal  cancers,  lung  cancers,  melanomas  and 
prostate  cancers  [17,  22,  24,  25,  45-51]. 

A  different  approach  to  uncovering  active  SNPs  with 
associations  to  cancers  is  to  examine  a  small  number  of 
candidate  genes  for  the  presence  of  SNPs  that  impact  upon  a 
phenotype.  The  criticism  of  this  approach  is  that  novel  genes 
and  SNPs  that  impact  upon  a  cancer  will  not  be  discovered 
by  this  approach.  Rather  it  is  a  chance  to  delve  deeper  into 
the  diversity  and  properties  of  a  gene,  its  protein  and  its 
phenotypes  in  a  population.  The  most  likely  candidate  genes 
that  have  functional  SNPs  are  the  ones  that  have  mutations 
in  some  cancers  or  provide  an  inherited  basis  for  cancer 
when  they  are  mutated.  Because  SNPs  are  expected  to  be 
less  deleterious  than  a  mutation  which  inactivates  or  fully 
activates  a  function,  it  is  helpful  to  look  for  candidate  SNPs  in 
genes  that  demonstrate  haploinsufficiency.  This  encompasses 
those  genes  that  have  a  cancer-related  phenotype  when  an 
individual  has  only  one  wild  type  allele,  and  presumably 
half  the  activity  and  level  of  a  protein.  Interestingly  the 
p53  gene,  MDM2  gene,  and  the  MDM4  gene  (a  second 
negative  regulator  of  p53  that  acts  upon  MDM2)  are  all 
haploinsufficient  genes  in  mice  and  p53  is  haploinsufhcient 
in  humans  (there  is  presently  no  test  for  MDM2  or  MDM4 
haploinsufficiency  in  humans)  [52,  53].  These  three  proteins 
make  up  the  core  of  p53  regulatory  activities  in  a  cell  (see 
Figure  1).  There  is  a  great  deal  of  evidence  demonstrating 
that  the  levels  and/or  activities  of  these  proteins  in  a  cell  are 
tightly  controlled  by  extensive  feedback  loops  and  that  small 
changes  in  these  proteins  have  phenotypes  that  are  readily 
observed. 

Another  way  to  look  for  SNPs  that  have  biological  activity 
is  to  examine  whether  a  mutant  allele  or  a  polymorphic  allele 
is  under  negative  or  positive  selection  in  a  population.  If  that 
is  the  case  then  that  allele  must  have  a  biological  activity  that 
impacts  upon  the  organism.  There  are  now  a  growing  num¬ 
ber  of  methods  to  look  for  regions  of  a  genetic  locus  under 
positive  or  negative  selection.  Selection  pressures  in  humans 
commonly  result  from  genes  that  contribute  to  resistance  to 
infectious  diseases  (about  20%  of  human  cancers  are  caused 
by  or  associated  with  viruses),  optimal  use  of  nutritional 
opportunities  (the  IGF-PI3K-PTEN-mTOR  pathways  help  to 
regulate  this),  or  the  highest  levels  of  fecundity,  leaving  more 
offspring  in  a  population  (the  p53  pathway  can  participate 
in  this  and  is  discussed  below).  Employing  information 
theory-entropy  based  methods  Atwal  et  al.  have  suggested 
that  some  alleles  of  MDM2  and  MDM4  are  under  positive 
selective  pressures  in  Caucasian  populations  [54,  55].  Based 
on  identification  of  selected  loci  in  MDM4,  studies  have  now 
demonstrated  associations  between  MDM4  SNP  loci  with 
risk  of  breast  and  ovarian  cancers  as  well  as  age  of  onset 
of  ovarian  cancers  and  hormone  receptor  negative  breast 
cancers  [55,  56]. 


There  is  also  evidence  that  an  allele  in  the  coding  region 
of  the  p53  protein  may  also  be  under  positive  selective 
pressure  in  Caucasian  populations.  This  SNP  at  codon  72 
in  the  p53  protein  (out  of  393  amino  acids)  either  encodes 
an  arginine  (Arg)  or  a  proline  (Pro)  residue.  The  Pro¬ 
allele  is  the  ancestral  form  and  Africans  near  the  equator 
have  very  high  levels  of  the  Pro-allele.  As  populations 
move  to  northern  latitudes  in  Europe  (Caucasians)  and  in 
Asia  (Asians)  there  is  an  increasing  frequency  of  the  Arg- 
allele  reaching  75-85%  in  Scandinavia.  One  explanation 
for  this  distribution  comes  from  the  observation  that 
p53  induces  the  synthesis  of  pro-opiomelanocortin  which 
regulates  the  tanning  response.  This  could  be  thought  of 
as  a  protective  mechanism  for  light-skinned  populations 
or  helping  to  protect  individuals  of  lighter  skin  color 
which  was  developed  to  enhance  the  production  of  vitamin 
D  in  northern  climates.  In  a  recent  study  in  China,  a 
correlation  was  found  that  implicates  both  temperature 
and  ultra-violet  light  sources  as  the  driving  forces  upon 
selection  of  the  p53  Arg/Pro  and  SNP309  polymorphisms 
[57], 

There  is  a  growing  body  of  evidence  that  the  newly 
formed  and  selected  Arg-allele  in  Caucasian  and  Asian 
populations  has  quite  different  properties  then  the  Pro-allele. 
Cells  in  culture  with  the  Arg-allele  transcribe  several  pro- 
apoptotic  genes  at  higher  rates  than  the  same  cell  lines  with 
Pro-alleles.  Several  studies  have  demonstrated  that  cells  with 
the  Arg-allele  undergo  higher  frequencies  of  apoptosis  than 
the  same  cells  with  Pro-alleles.  A  deletion  of  the  p53  protein 
proline  rich  domain,  in  which  the  Arg/Pro  polymorphism 
resides,  reduces  the  efficiency  of  apoptosis  by  that  mutant 
p53  protein.  These  studies  demonstrate  at  the  cellular  and 
molecular  level  that  functional  differences  exist  between 
these  two  alleles  of  the  p53  gene  [58-61]. 

Perhaps  the  best  explanation  for  the  selection  of  the  p53 
Arg  allele  in  Caucasian  populations  is  the  observation  that 
the  cytokine  leukemia  inhibitory  factor  (LIF)  is  regulated 
at  the  transcriptional  level  by  p53  and  two  times  more 
LIF  is  produced  in  cells  by  the  Arg-allele  than  the  Pro¬ 
allele  of  p53  [62].  p53-mediated  production  of  LIF  in 
the  uterus  is  required  for  implantation  of  mouse  embryos 
after  fertilization  (LIF  is  also  produced  in  humans  for 
implantation)  and  so  both  p53  and  LIF  are  required  for 
high  levels  of  fecundity  [63].  Interestingly,  the  frequency 
of  the  p53  Pro-allele  is  quite  enriched  in  women  who 
are  at  an  in  vitro  fertilization  clinic  and  demonstrate 
lower  levels  of  implantation  of  fertilized  eggs  [62].  This 
observation  may  explain  the  selective  pressures  on  these 
alleles  in  Caucasians.  Obviously  there  are  not  similar  fertility 
difficulties  in  Africans  with  the  Pro-allele,  suggesting  that 
the  genetic  background  (other  alleles  in  genes  in  the  p53 
pathway)  is  an  important  factor  for  this  phenotype.  Poor 
fertility  was  observed  in  p53  knockout  mice  and  varied  in 
different  genetic  backgrounds  [63].  Some  of  the  compen¬ 
sating  MDM2  and  MDM4  alleles  are  also  under  selection 
pressures  in  Caucasian  populations.  It  has  been  these  types 
of  studies  that  have  identified  functional  SNPs  that  can  now 
be  tested  for  their  activities  and  associations  with  specific 
cancers. 
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Figure  1 


4.  The  p53  Pathway  and  Cancer  Prevention 

The  p53  protein  and  its  signal  transduction  pathway  respond 
to  a  wide  variety  of  stresses  and  act  as  a  fidelity  check 
point  preventing  mistakes  leading  to  high  mutation  rates. 
Cellular  stresses  such  as  DNA  damage,  telomere  shortening, 
hypoxia,  nutrient  deprivation,  an  interruption  of  ribosome 
biogenesis,  errors  in  proper  mitotic  spindle  functions,  or 
even  the  mutational  activation  of  selected  oncogenes  (myc, 
Ras)  can  activate  the  p53  protein  so  that  it  becomes  an 
efficient  transcription  factor  for  selected  genes.  A  wide  vari¬ 
ety  of  protein  kinases,  histone  methylases,  ubiquitin  ligases, 
and  so  forth  participate  in  detecting  these  stress  signals  and 
modifying  the  p53,  MDM2,  or  MDM4  proteins.  This  results 
in  shutting  down  the  MDM2/4  negative  regulation  of  p53, 
an  increased  half-life,  and  an  increased  concentration  of  the 
p53  protein  in  the  cell  (Figure  1 ).  Higher  levels  of  a  modified 
p53  protein  then  give  rise  to  a  transcriptional  response  of  p53 
regulated  genes.  The  most  common  outcomes  of  this  signal 
transduction  pathway  are  apoptosis,  cellular  senescence,  or 
cell  cycle  arrest.  Because  these  stresses  upon  a  cell  can  cause 
a  very  high  error  rate  in  both  DNA  replication  and  cell 
division,  p53  blocks  progression  through  the  cell  cycle  or 
eliminates  clones  that  contain  mutational  events.  In  this 
way  p53  acts  as  a  tumor  suppressor  gene  over  a  lifetime  of 
stressful  events.  The  presence  of  only  one  wild  type  p53  allele 
in  mice  or  humans  (Li-Fraumeni  syndrome)  leads  to  an  early 
onset  of  tumors  compared  to  the  wild  type  population  and 
often  leads  to  multiple  independent  tumors  in  an  individual 
with  almost  a  one  hundred  percent  penetrance  [64,  65]. 
Four  independent  studies  have  now  shown  that  the  G- 
allele  (at-risk  allele)  of  SNP309  in  the  MDM2  gene,  which 
raises  the  levels  of  this  mRNA  and  protein  inhibiting  p53 
activity,  lowers  the  age  of  onset  of  tumors  and  increases  the 
number  of  independent  tumors  observed  in  individuals  with 
Li-Fraumeni  syndrome  [42,  66-68],  Those  individuals  with 


Li-Fraumeni  syndrome  who  do  not  have  a  p53  mutation 
(patients  with  a  high  frequency  of  tumors  due  to  an  unrelated 
mutation)  are  not  affected  by  the  SNP309  G-allele  demon¬ 
strating  the  specificity  and  epistatic  relationship  between 
MDM2  and  p53.  Li-Fraumeni  patients  with  a  p53  mutation 
also  have  more  rapid  telomere  erosion,  demonstrating  the 
role  of  p53  and  SNP309  in  this  process  [67].  It  is  well  known 
that  p53  senses  the  loss  of  telemetric  DNA  and  will  stop  cell 
division  or  cause  cellular  apoptosis.  One  study  examining 
both  the  p53  Arg/Pro  and  SNP309  polymorphisms  suggested 
that  the  p53  Pro-allele  can  have  an  impact  upon  the  age  of 
onset  of  cancers  (earlier)  and  survival  (poorer)  in  patients 
with  Li-Fraumeni  syndrome  and  SNP309  can  make  the 
situation  worse,  bu  t  the  number  of  patients  with  both  geno¬ 
types  was  too  smalll  to  obtain  a  statistically  confident  result 
[68], 

5.  SNPs  in  the  p53  Pathway  Associated  with 
Breast  and  Ovarian  Cancers 

The  literature  examining  the  association  of  SNPs  in  genes  in 
the  p53  pathway  i:s  fraught  with  contradictions.  Undoubt¬ 
edly,  this  comes  about  for  several  reasons.  First,  studies 
involving  small  population  sizes  do  not  necessarily  provide 
adequate  statisticad  power.  Second,  studies  may  fail  to 
stratify  populations  into  groups  that  reflect  the  biology  and 
clinical  impacts  of  a  cancer.  For  example,  MDM2  SNP309, 
which  acts  preferentially  in  premenopausal  females  with 
ER+  tumors,  is  a  smaller  group  in  the  total  cohort.  Third, 
there  is  a  failure  to  understand  that  SNPs  in  different 
genes  may  have  very  different  phenotypes  in  the  context 
of  a  cancer  (tissue  specificity,  the  age  of  onset  phenotype, 
etc.).  Finally,  there  is  a  tendency  to  make  comparisons  of 
cases  and  controls  that  are  not  biologically  or  genetically 
equivalent. 
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At  present,  the  structure  of  many  association  studies 
leads  to  false  positives  and  negatives  as  well  as  uncovering 
an  occasional  functional  SNP.  For  example,  a  very  large 
population  of  women  with  breast  cancer  was  analyzed  in 
a  GWAS  but  the  patients  were  not  stratified  by  ER  status 
or  for  any  of  the  clear  differences  between  different  types 
of  breast  cancers  [22].  Clearly,  this  will  dilute  any  signal 
that  comes  from  just  one  of  these  cancer  types.  In  addition, 
when  SNPs  in  tumor  suppressor  genes  or  oncogenes  are 
under  study  it  may  be  the  case  that  a  mutation  in  that 
gene  will  eliminate  the  SNP  from  being  identified  or  all 
SNPs  in  genes  epistatic  to  the  mutated  gene  may  no  longer 
score  in  the  association  study.  Because  of  these  difficulties 
we  must  rely  upon  the  independent  replication  of  results 
as  well  as  a  functional  explanation  for  how  an  SNP  is 
acting  to  uncover  an  association.  In  a  formal  large  meta¬ 
analysis  of  published  results  from  the  literaturevan  Heemst 
et  al.  [69]  studied  the  impact  of  p53  Pro/Pro  and  Arg/Arg 
polymorphisms  upon  the  frequency  of  developing  cancers 
and  upon  the  longevity  of  the  population  under  study.  They 
found  that  individuals  with  a  Pro/Pro  genotype  had  an 
increased  risk  of  developing  a  cancer  over  their  lifetimes 
when  compared  to  individuals  with  an  Arg/Arg  genotype. 
In  a  prospective  study  of  individuals  85  years  and  older, 
carried  out  with  1226  people  over  a  ten-year  period,  they 
found  that  people  with  the  Pro/Pro  genotype  had  a  2.45 
increased  proportional  mortality  from  cancer  ( P  =  .007). 
But  this  group  also  showed  a  longer  longevity  (a  41% 
increased  survival  in  the  population,  P  =  .032).  One 
interpretation  of  this  result  is  that  the  Arg/Arg  genotype 
has  a  higher  apoptotic  rate  in  response  to  stress  and  so 
protects  against  cancer  better,  but  also  kills  stem  cells  more 
efficiently  over  a  lifetime,  reducing  longevity  [69].  This 
suggests  that  studying  older  patients  may  reveal  a  phenotype 
in  this  p53  SNP  because  it  acts  over  a  lifetime  to  protect 
the  host  from  stresses.  By  the  same  token,  older  mice  show 
declines  in  p53  activities  with  age  and  this  lower  level  of 
p53  responses  could  uncover  a  phenotype  at  older  ages  that 
is  too  robust  to  measure  in  younger  groups  [70].  If  this 
interpretation  is  correct  one  can  see  why  the  p53  Arg/Pro 
SNP  has  given  rise  to  such  contradictory  responses  when 
the  ages  of  the  case  and  control  groups  are  not  taken  into 
account. 

Similarly,  studies  with  MDM2  SNP309  have  produced 
contradictory  associations  with  cancers.  Some  of  this  has  to 
do  with  mixing  both  males  and  females  into  the  cohort  under 
study  (SNP309  is  regulated  by  the  ER),  some  of  this  has  to 
do  with  a  failure  to  separate  ER+  and  ER-  tumors  in  the 
analysis,  and  some  studies  just  choose  the  wrong  phenotype 
or  cohort  to  measure.  For  example,  the  observation  that 
the  G-allele  (the  at-risk  allele)  of  SNP309  is  associated  with 
an  earlier  age  of  onset  in  a  variety  of  cancers  has  now 
been  reproduced  by  many  independent  groups  employing 
soft  tissue  sarcomas  [43],  lymphomas  [43],  leukemia  [71], 
melanomas  [72],  head  neck  [73]  and  oral  squamous  cell 
carcinomas  [74],  gastric  cancer  [75],  colon  cancers  [76,  77], 
lung  cancers  [78-80],  endometrial  cancer  [81,  82],  bladder 
cancers  [83,  84],  glioblastoma  [85],  neuroblastoma  [86],  and 
both  breast  cancers  [43]  and  ovarian  [87]  cancers.  In  a  study 


of  lung  cancers,  Lind  and  her  colleagues  [78]  found  that 
G/G  homozygotes  had  a  1.62  odds  ratio  of  developing  cancer 
compared  with  T/T  homozygotes.  When  only  females  in  the 
study  were  considered  the  G/G  to  T/T  odds  ratio  was  4.06. 
This  is  the  same  result  observed  in  an  independent  study 
with  large  diffuse  B-cell  lymphomas  where  the  G-allele  of 
SNP309  was  associated  with  cancer  only  in  premenopausal 
females  and  not  in  postmenopausal  females  nor  in  men 
[43], 

In  a  third  recent  study  of  melanomas,  a  similar  associ¬ 
ation  was  found  only  in  premenopausal  females  [72].  This 
pattern  suggests  that  active  estrogen  receptors  are  present  in 
a  large  number  of  tumors  and  can  affect  the  outcome  of  the 
disease.  This  set  of  genetic  observations  opens  up  possible 
new  routes  for  therapy  with  these  tumors.  In  another  large 
study  with  lung  cancer  patients  carried  out  in  China  by 
Zhang  et  al.  [80]  they  demonstrated  an  odds  ratio  of  1.83 
for  the  G/G  over  T/T  alleles  and  a  1.47  fold  odds  ratio  for  the 
p53  Pro/Pro  over  Arg/Arg  individuals.  Those  patients  who 
were  G/G  and  Pro/Pro  had  an  odds  ratio  of  4.36;  whereas 
those  smokers  (a  mutagenic  stress  that  activates  p53)  who 
were  Pro/Pro,  G/G  had  an  odds  ratio  of  10.41.  Understanding 
the  biology  of  the  signal  transduction  pathway  can  permit 
one  to  study  the  relevant  variables.  Often  combinations  of 
SNPs  that  have  an  epistatic  relationship  can  provide  much 
more  significant  results. 

Recently,  biologically  functional  SNPs  were  detected  in 
the  MDM4  gene  that  appear  to  be  under  evolutionary 
selection  pressures  and  have  an  impact  upon  fecundity 
in  females  at  an  IVF  clinic  [62,  63].  Association  studies 
employing  five  different  patient  populations  have  indicated 
that  selected  alleles  of  these  SNPs  confer  an  increased  risk 
for  or  early  onset  of  breast  cancers  and  ovarian  cancers 
[55,  56].  The  ethnic  backgrounds  of  the  cohorts  under 
study  made  a  difference  in  the  ability  to  detect  these 
associations  so  that  once  again  a  genetic  background  of 
other  SNPs  that  reside  in  other  genes  in  the  same  pathway 
could  play  an  important  role.  The  minor  alleles  of  these 
same  MDM4  SNPs  demonstrated  a  clear  enrichment  in 
their  frequencies  in  women  at  an  IVF  clinic  who  had 
difficulties  with  implantation  of  embryos.  These  diverse 
phenotypes  suggest  a  functional  consequence  of  these  SNPs 
that  can  be  selected  for  or  against  over  recent  (Caucasian 
and  Asian)  times  of  human  evolution.  It  will  be  important 
to  observe  replications  of  these  data  in  a  wide  variety  of 
cancers. 

Because  many  of  the  cancer  treatments  result  in  DNA 
damage  and  other  stresses  to  a  cell,  the  response  (as 
determined  by  a  combination  of  SNPs)  to  treatment  and 
long-term  survival  could  depend  upon  the  combination 
of  alleles  in  the  p53  pathway  SNPs.  To  test  this  notion 
association  studies  will  have  to  assemble  large  groups  of 
individuals  who  have  experienced  a  defined  cancer  and 
treatment  and  record  the  outcomes  over  many  years.  Such 
cohorts  are  more  difficult  to  assemble  but  are  an  important 
part  of  this  effort.  Characterizing  the  patient  and  the  tumor 
genome  prior  to  the  selection  of  treatments  is  a  growing 
concern  and  would  be  aided  by  the  use  of  validated  SNPs  and 
mutations. 
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6.  Limitations  with  SNP  Studies 

The  success  of  these  studies  has  been  in  part  due  to  the  use 
of  large  study  samples  (usually  based  around  multicenter 
consortia)  and  replication  data  sets  that  have  been  designed 
into  the  gene  discovery  algorithm.  Although  this  approach 
maximizes  the  identification  of  possible  genes  involved  in 
contributing  to  breast  cancers,  these  studies  often  give  rise  to 
a  number  of  false  positive  findings  due  to  multiple  hypothesis 
testing  with  a  very  large  number  of  SNPs  in  the  GWAS 
scans.  In  addition,  the  GWAS  approach  tends  to  optimize 
the  discovery  of  genes  with  statistically  significant  marginal 
effects.  Therefore,  it  may  miss  significant  genes.  First,  genes 
may  not  be  detected  whose  effects  are  not  significant  on 
the  margin  but  are  significant  in  conjunction  with  other 
genes  or  exposures.  Second,  genes  may  not  be  identified  if 
there  is  substantial  genetic  heterogeneity  among  cases,  such 
that  the  proportion  of  individuals  in  the  population  whose 
disease  is  caused  by  a  gene  is  so  small  that  its  effect  is 
“washed  out”  in  the  total  sample.  Third,  GWASs  tend  to  favor 
large  numbers  over  epidemiologically  rigorous  study  designs. 
Although  large  samples  are  clearly  required  to  detect  small 
effects,  and  replication/validation  of  initial  results  maximizes 
the  chances  that  reported  associations  are  true  positives, 
it  is  possible  that  unmeasured  biases  due  to  study  design 
limitations  may  have  resulted  in  high  false  negatives. 

Likewise,  meta-analyses,  used  to  critically  evaluate  and 
statistically  combine  studies,  have  been  performed  for 
MDM2  SNP309.  However,  a  caveat  to  such  an  analysis  is  that 
the  studies  are  comparable.  Population-specific  effects  and 
SNP  functionality  in  independent  racial  genetic  backgrounds 
may  exist  and  limit  the  ability  to  combine  heterogeneous 
study  groups.  To  emphasize  this,  Shi  et  al.  describe  a  causative 
selection  of  MDM2  SNP309  and  p53  Arg72  associated  with 
environmental  stresses,  that  is,  cold  winter  temperatures  and 
UV  intensity,  wherein  the  two  SNPs  are  not  coselected  [57]. 
This  is  further  supported  by  two  publications  describing 
population-specific  differences  between  African-Americans, 
Caucasians,  and  Caucasians  of  Ashkenazi  Jewish  descent  for 
both  MDM2  SNP309  and  MDM4  haplotypes  [54,  55].  A 
combined  analysis  for  SNP309  was  presented  in  Wilkening 
et  al.  [88].  Data  from  eleven  breast  cancer  studies,  five 
colorectal  cancer  studies,  or  seven  lung  cancer  studies  were 
each  combined  for  a  fixed  meta-analysis.  Based  on  their 
analysis,  they  concluded  that  the  SNP309  variant  did  not 
have  an  impact  on  risk  or  colorectal  cancers,  but  did  exhibit 
increased  risk  in  the  homozygous  state  for  lung  cancer. 
They  concluded  that  SNP309  alone  has  little  effect  on  the 
risk  of  common  cancers.  In  reviewing  criteria  of  studies 
within  the  analysis,  there  is  significant  heterogeneity  between 
study  groups.  Other  studies  have  also  previously  concluded 
that  the  effects  of  SNP309  are  evident  in  women  but  not 
in  men  and  in  hormone  receptor-positive  breast  cancers 
[43],  Most  studies  do  not  differentiate  between  gender  or 
hormone  receptor  positive  diseases,  both  of  which  may 
dilute  any  effects.  In  contrast  to  the  conclusions  made  by 
Wilkening  et  al.  [88],  those  of  Hu  et  al.  [89]  are  that  the 
homozygous  variant  is  associated  with  increased  risk  of  all 
types  of  tumors  where  tumor  type  and  ethnicity  contributed 


to  substantial  heterogeneity.  The  latter  publication  by  Hu 
et  al.  [89]  describes  in  detail  methods  for  identifying 
appropriate  studies,  data  extraction  and  analysis.  The  major¬ 
ity  of  publications  fail  to  reduce  heterogeneity  in  their 
populations  based  on  molecular  markers,  gender,  and  degree 
of  disease  heterogeneity.  Therefore,  a  meta- analysis  would 
be  limited  by  these  factors  and  should  be  interpreted  with 
caution. 

The  majority  of  useful  and  reproducible  reports  involv¬ 
ing  SNP  associations  with  breast,  ovarian,  and  endometrial 
cancers  have  occurred  in  the  context  of  candidate  gene 
studies.  These  studies  typically  identify  loci  that  are  hypoth¬ 
esized  to  contain  genetic  variants  that  may  be  associated 
with  disease  risk.  Using  this  approach,  a  number  of  putative 
susceptibility  genes  have  been  identified  for  these  tumor 
sites  that  have  been  validated.  Furthermore,  candidate  gene 
studies  have  tended  to  have  used  more  rigorous  study 
designs,  collected  useful  epidemiological  and  confounder 
data,  and  have  detailed  information  that  may  define  etiologi- 
cally  heterogeneous  groups  of  individuals  that  may  provide 
a  setting  in  which  genes  that  are  not  easily  detectable  in 
the  usual  GWAS  setting  may  be  found.  This  comes  about 
because  we  have  a  great  deal  of  information  about  those 
genes  already  known  to  play  a  role  in  cancer  causation  that 
modifies  the  questions  we  ask  and  the  associations  we  look 
for  in  a  study.  It  appears  that  both  the  GWAS  algorithm  and 
the  candidate  gene  algorithm  may  have  value  in  identifying 
susceptibility  genes,  and  these  genes  may  be  different  because 
of  the  strengths  and  weaknesses  of  each  approach. 
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Abstract 


Purpose:  MDM2  is  overexpressed  in  several  human  malignancies  and 
contributes  to  the  development  of  cancer  mainly  through  the  inhibition  of  p53 
tumor  suppressor  activity.  MDM2  is  an  E3  ubiquitin  ligase  that  catalyzes  the 
polyubiquitylation  of  p53,  marking  p53  for  proteasomal  degradation.  MDM2 
overexpression  is  strongly  related  to  the  presence  of  estrogen  receptor  (ER)  as 
the  MDM2  promoter  contains  an  estrogen  response  element.  We  tested  the 
hypothesis  that  by  blocking  expression  of  MDM2  with  antiestrogens, 
sensitivity  to  chemotherapeutic  drugs  could  be  restored  in  ER+  breast  cancer 
cell  lines.  We  focused  on  the  antiestrogen  fulvestrant  since  it  is  known  to 
downregulate  ER  expression. 

Experimental  Design :  We  investigated  the  effects  of  fulvestrant  on  MDM2 
expression  and  sensitivity  of  the  ER+  human  breast  cancer  cell  lines  T47D  and 
MCF7  to  chemotherapeutic  drugs.  MDM2  expression  was  measured  at  protein 
and  mRNA  levels  by  Western  and  qPCR.  Cells  were  treated  with  either 
fulvestrant  alone,  chemotherapy  alone,  or  in  combination.  Chemotherapeutic 
drugs  included  doxorubicin,  etoposide  or  paclitaxel.  Drug  sensitivity  assays 
(MTT  assays)  were  performed.  The  CompuSyn  computer  program  for 
quantitation  of  synergism  and  antagonism  was  used  to  determine  if  there  was 
any  change  in  the  sensitivity  of  the  breast  cancer  cells  to  these  cytotoxic  agents 
with  fulvestrant. 

Results :  Fulvestrant  down-regulated  Mdm2  expression  through  increasing  the 
turnover  rate  of  this  oncoprotein  in  the  ER  positive  human  breast  cancer  cell 
lines  MCF7  and  T47D.  Fulvestrant  not  only  blocked  the  up-regulation  Mdm2 
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caused  by  estradiol,  but  also  decreased  Mdm2  protein  to  the  level  below  that 
seen  in  the  breast  cancer  cells  cultured  in  the  absence  of  estradiol.  Fulvestrant 
had  no  effects  on  activity  of  p53  and  level  of  MDM2  mRNA,  but  enhanced  the 
turnover  rate  of  MDM2  protein.  Combination  of  fulvestrant  with  doxorubicin, 
etoposide  or  paclitaxel  showed  a  synergistic  effect  on  these  chemotherapeutic 
drugs. 

Conclusion :  This  study  demonstrates  that  fulvestrant  possesses  a  suppressive 
effect  on  Mdm2  expression  and  a  synergistic  effect  with  chemotherapeutic 
drugs  in  estrogen  receptor  positive  human  breast  cancer  cells.  These  results 
provide  a  rationale  and  support  for  testing  the  combination  of  fulvestrant  with 
chemotherapy  as  a  new  therapeutic  strategy  for  patients  with  advanced  breast 
cancers. 
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INTRODUCTION 


Fulvestrant,  a  new  type  of  estrogen  receptor  (ER)  antagonist  that  lacks  estrogen 
agonist  effect  and  cross-resistance  with  other  hormonal  agents,  is  currently 
used  in  clinic  to  treat  patients  with  ER  positive,  advanced  and  metastatic  breast 
cancers.  Fulvestrant  downregulates  the  intracellular  ER  levels  resulting  in 
abrogation  of  estrogen- sensitive  gene  transcription.  One  of  the  genes  whose 
expression  is  upregulated  in  response  to  estrogen  is  Mdm2,  first  identified  as 
an  oncoprotein  encoded  by  double  minute  chromosomes  in  murine  sarcoma 
cells,  and  later  found  to  be  overexpressed  in  a  variety  of  human  cancers. 
Transcriptional  activation  of  Mdm2  by  estrogen  is  mediated  via  an  estrogen 
response  element  in  breast  cancer  cells  homozygous  or  heterozygous  for  the 
single  nucleotide  polymorphism  in  the  MDM2  promoter  (SNP  309)  (1). 

MDM2  mainly  acts  as  a  negative  regulator  of  p53  activity,  thus  prohibiting 
cells  from  entering  into  cell  cycle  arrest,  senescence,  or  apoptosis.  In  addition, 
MDM2  also  plays  a  regulatory  role  in  cell-cycle  progression  independently  of 
p53.  For  instance,  MDM2  promotes  the  degradation  of  the  phosphorylated 
retinoblastoma  protein  (pRB)  (2)  and  p21  (3),  thereby  modulating  their 
activities.  MDM2  also  interacts  with  the  S -phase  promoting  factor  E2F1  and 
increases  its  function  (4).  Due  to  its  ability  to  determine  the  fate  of  critical 
regulators  of  cell  cycle,  the  activity  and  expression  of  MDM2  have  been  shown 
to  affect  the  sensitivity  of  cancer  cells  to  chemotherapeutic  agents  (5,6). 
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In  the  current  study,  we  sought  to  determine  whether  the  anti-estrogen  agent, 
fulvestrant,  could  suppress  the  expression  of  MDM2  and  enhance  the  response 
of  breast  cancer  cells  to  treatment  with  standard  chemotherapeutic  drugs.  Our 
study  shows  that  treatment  of  ER  positive  breast  cancer  cells  with  fulvestrant 
resulted  in  an  increased  turnover  and  down-regulation  of  MDM2  protein,  and 
sensitized  tumor  cells  to  chemotherapeutic  drugs  doxorubicin,  etoposide,  and 
paclitaxel.  These  results  suggest  that  combined  use  of  fulvestrant  with  these 
cytotoxic  drugs  may  enhance  effectiveness  of  chemotherapy  in  patients  with 
ER  positive  breast  cancers. 

MATERIALS  AND  METHODS 
Cell  lines  and  culture 

T47D  and  MCF7  breast  cancer  cell  lines  were  maintained  in  RPMI  1640  (Invitrogen 
Life  Technologies)  supplemented  with  10%  FBS,  100  units/ml  penicillin  and  100 
pg/ml  streptomycin  at  37°C  in  a  humidified  atmosphere  containing  5%  C02/95%  air. 
For  estrogen  and  anti-estrogen  treatments,  cells  were  cultured  in  phenol  red-free 
RPMI  supplemented  with  charcoal-stripped  10%  fetal  bovine  serum  for  48  hours 
prior  to  drug  treatment.  Cell  lines  were  discarded  after  3  months  and  new  lines 
obtained  from  frozen  stocks. 

Reagents  and  antibodies 

Etoposide  (VP- 16)  (Sigma),  paclitaxel  (TAX)  (Sigma)  and  fulvestrant  (Fulv)  (Sigma) 
were  dissolved  in  DMSO.  Doxorubicin  hydrochloride  (DOX)  (Sigma)  was  dissolved 
in  water.  P-estradiol-water  soluble  was  purchased  from  Sigma.  Primary  antibodies 
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used  for  Western  blotting  and  immunoprecipitation  were  as  follows:  Mdm2  (SMP14), 
ERa  (HC-20),  p53  (DO-1),  (Santa  Cruz  Biotechnology);  p21  (Ab-1),  Calbiochem; 
monoclonal  anti-B-actin  clone  AC- 15,  Sigma.  Proteins  were  visualized  using 
enhanced  chemiluminescence  (ECL)  detection  (Amersham  Pharmacia  Biotech). 

Real-time  RT-PCR 

Cells  plated  in  60-mm  dishes  were  treated  with  fulvestrant  as  indicated.  Total  RNA 
was  extracted  from  the  treated  cells  with  TriZol  Reagent  (Invitrogen  Life 
Technologies)  and  quantified  by  UV  absorbance  spectroscopy.  First  strand  cDNA 
synthesis  and  amplification  were  performed  using  Omniscript  RT  Kit  (QIAGEN, 
Valencia,  CA).  The  following  human  Mdm2  primers  were  used:  forward:  5'- 
ACCTCACAGATTCCAGCTTCG-3';  reverse:  5'- 

TTTC  AT  AGT  AT  A  AGT  GTCTTTTT  -  3 '  (7).  The  fJ-actin  primers  were  as  follows: 
forward:  5'-GCC  AACACAGTGCTGTCTGG-3';  reverse:  5'- 

GCTCAGGAGGAGCAATGATCTTG-3 '.  The  RPL19  primers  were:  forward:  5'- 
CCATGAGTATGCTCAGGCTTCA-3';  reverse:  5 '-CTGACGGGAGTTGGCATTG- 
3'  (8).  SYBR  Green  quantitative  PCR  amplifications  were  performed  on  the 
Stratagene  3005P  Real-Time  PCR  system.  Reactions  were  carried  out  in  a  25-pl 
volume  containing  12.5  pi  of  2x  SYBR  Green  PCR  Master  Mix  (Bio-Rad).  The 
thermal  profile  for  the  real-time  PCR  was  95°C  for  10  min  followed  by  40  cycles  at 
95°C  for  30  s,  53°C  for  30  s,  and  72°C  for  30  s.  The  threshold  cycle  (CT)  values  were 
determined  and  the  quantification  data  were  analyzed  using  either  RPL19  or  fi-actm 
as  housekeeping  genes. 
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Western  blot  analysis 


Cell  lysates  were  prepared  using  the  CelLytic™  MT  Cell  Lysis  Reagent  (Sigma)  with 
Protease  Inhibitor  Cocktail.  The  lysates  were  clarified  by  centrifugation  at 
12,000  Xg  for  30  min  at  4°C.  Protein  concentrations  were  determined  by  the 
Bradford  method  using  the  Bio-Rad  protein  assay  reagent  (Bio-Rad).  Lysates  (50  pg 
proteins)  were  separated  onto  8%  SDS-PAGE  gels  followed  by  transfer  to 
nitrocellulose  membranes.  Membranes  were  incubated  in  blocking  solution 
consisting  of  5%  powered  milk  in  PBST  (PBS  plus  0.1%  Tween  20)  at  room 
temperature  for  1  h,  then  immunoblotted  with  the  indicated  primary  antibody 
overnight  at  4°C.  Detection  by  enzyme-linked  chemiluminescence  was  performed 
according  to  the  manufacturer's  protocol  (ECL;  Pierce  Biotechnology  Inc.,  Rockford, 
IL).  Quantification  of  protein  bands  was  performed  using  Image J  software 
(http://rsb.info.nih.gov/ii). 


Co-Immunoprecipitation 

T47D  cells  were  plated  in  100-mm  dishes.  After  the  respective  treatment  (fulvestrant 
lpM  for  16  h  or  vehicle),  cells  were  washed  twice  with  ice-cold  PBS,  scraped  off  the 
dishes  and  pelleted  at  1500  x  g  for  5  min.  Cell  pellets  were  then  lysed  in  NETN 
buffer  [50  mM  Tris-HCl  (pH  7.5),  150  mM  NaCl,  0.1%  IGEPAL  CA-630  (Sigma),  1 
mM  EDTA,  1  mM  phenylmethylsulphonylfluoride  and  Protease  Inhibitor  Cocktail 
(Sigma)]  for  30  min  at  4°C  in  a  rotating  wheel.  Lysates  were  clarified  by 
centrifugation  at  16,000  X  g  for  20  min  at  4°C.  Protein  concentration  was  determined 
by  Bradford  assay  and  equal  protein  amounts  were  incubated  with  Mdm2  (SMP14) 
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antibody  or  normal  rabbit  serum  for  6  h  at  4°C.  Protein  A/G  Plus-Agarose  (Santa 
Cruz  Biotechnology)  was  then  added  and  incubated  overnight  at  4°C.  Beads  were 
then  washed  five  times  with  lysis  buffer  containing  0.5%  of  IGEPAL  and  one  time 
with  PBS  and  boiled  with  2x  Laemmli  sample  buffer.  Extracted  proteins  were  loaded 
onto  8%  SDS-PAGE  gels  followed  by  transfer  to  nitrocellulose  membranes.  Blots 
were  assayed  for  the  expression  of  Mdm2  and  ERa. 

Cycloheximide  Treatment 

Cells  were  treated  with  vehicle  or  1  pM  of  fulvestrant  for  16  h,  and  then  pulse- 
chased  for  MDM2  protein  in  the  presence  of  20  pg/ml  of  cycloheximide  (CHX). 

Cell  extracts  from  the  treated  cells  collected  at  the  indicated  times  were 
analyzed  by  Western  blotting. 

Drug  sensitivity  assay 

Cells  were  plated  in  96-well  tissue  culture  plates,  allowed  to  attach  for  5-6  h,  and  then 
treated  with  different  drug  combinations  for  66  h.  Fifty  microliters  of  2.5  mg/mL  3- 
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium  bromide  (MTT)  (Sigma)  in 
PBS  were  then  added  to  each  well,  and  cells  were  incubated  at  37°C  for  4  h. 
Formazan  crystals  were  dissolved  in  DMSO.  Absorbance  was  determined  at  570  nm 
using  a  Wallac  1420  Victor  plate  reader  (Perkin  Elmer).  Viability  was  expressed  as 
a  percentage  of  control  by  dividing  the  absorbance  of  each  treated  sample  by  the 
average  of  the  untreated  controls.  Combination  index  (Cl)  for  drug  interaction  (e.g., 
synergy)  was  calculated  using  the  CompuSyn  software.  (ComboSyn,  Inc.).  Cl  values 
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at  different  effect  and  dose  levels  and  isobolograms  were  generated  using  this 


software. 


RESULTS 

Treatment  with  fulvestrant  down- regulates  Mdm2  protein  in  human 
breast  cancer  cells 

To  test  the  effects  of  anti-estrogen  on  the  expression  of  Mdm2,  the  ER  positive 
human  breast  cancer  cell  lines,  MCF7  and  T47D,  were  treated  with  different 
concentrations  of  fulvestrant  and  then  Mdm2  expression  measured.  Fig.  1 
shows  that  fulvestrant  treatment  caused  a  decrease  in  Mdm2  expression  in  both 
of  the  cell  lines  and  that  the  reduction  of  Mdm2  correlated  with  the  decrease  in 
ER  expression.  Treatment  of  MCF7  and  T47D  cells  with  estradiol  increased 
Mdm2  expression.  However,  fulvestrant  not  only  reduced  basal  Mdm2 
expression  (in  the  absence  of  estradiol),  but  also  blocked  the  up-regulation  of 
Mdm2  induced  by  estradiol  (Fig.  2). 


p53  activity  is  not  affected  by  fulvestrant 

Because  Mdm2  is  a  p53-regulated  gene  and  there  are  known  interactions 
between  ER  and  p53,  the  potential  role  of  p53  in  Mdm2  down-regulation  with 
fulvestrant  was  investigated.  The  ER  positive  human  breast  cancer  cell  lines, 
MCF7  and  T47D,  were  treated  with  different  concentrations  of  fulvestrant  and 
p53  expression  measured  (Fig.  3).  Mdm2  depletion  by  fulvestrant  did  not 
correlate  with  an  increase  in  p53,  as  might  have  been  expected  according  to  the 
regulatory  role  of  Mdm2  on  p53.  Instead  a  slight  decrease  in  p53  protein  was 
observed.  In  addition,  activation  of  p53  was  not  affected  by  fulvestrant  as 
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measured  by  expression  of  p21,  a  gene  that  is  tightly  controlled  by  p53. 
Fulvestrant  did  not  alter  levels  of  p21. 

Fulvestrant  treatment  does  not  alter  Mdm2  mRNA  level 

To  determine  whether  the  down-regulation  of  Mdm2  caused  by  fulvestrant 
resulted  from  altered  transcription  of  Mdm2  gene,  Mdm2  mRNA  in  MCF7 
and  T47D  cells  treated  with  vehicle  or  fulvestrant  was  measured  using 
quantitative  PCR.  This  was  performed  at  both  16  and  66  hours  for  several 
concentrations  of  fulvestrant  in  both  MCF7  and  T47D.  The  shorter  time 
period  was  chosen  as  fulvestrant  treatment  can  affect  multiple  transcriptional 
systems.  While  protein  levels  decrease  with  all  doses  of  fulvestrant  at  66 
hours,  mRNA  levels  increase  for  both  cells  lines  (Fig.  4:  upper  panels). 
Similar  patterns  were  noted  at  16  hour  treatment  with  fulvestrant  in  both  cell 
lines  (Fig.  4,  lower  panels).  These  results  suggest  that  fulvestrant  does  not 
suppress  transcription  of  Mdm2  gene. 

Fulvestrant  increases  the  turnover  rate  of  Mdm2  protein 

As  fulvestrant  seemed  to  directly  affect  the  protein  levels  of  Mdm2  without 
down  regulating  the  mRNA  levels  of  this  gene,  the  effect  of  fulvestrant  was 
Mdm2  protein  half-life  was  evaluated.  Mdm2  protein  turnover  rate  was 
evaluated  in  T47D  and  MCF-7  cells  treated  with  fulvestrant  or  vehicle,  in 
order  to  determine  the  effect  of  this  anti-estrogen  agent  on  stability  of  Mdm2 
protein.  The  pulse-chase  experiments  demonstrated  that  fulvestrant  facilitated 
degradation  of  Mdm2  protein,  as  reflected  in  the  shortened  half-life  of  this 
protein  in  the  presence  of  fulvestrant  (27  min  vs.  42  min  in  T47D  cells;  80 
min  vs.  180  min  in  MCF7  cells)  (Fig.  5).  Thus,  the  down-regulation  of  Mdm2 
expression  by  fulvestrant  appeared  to  be  attributable  to  the  enhanced  Mdm2 
turnover. 
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Fulvestrant  treatment  does  not  disrupt  the  ERa-Mdm2  complex 

ERa  is  known  to  interact  with  other  proteins.  As  fulvestrant  results  in  decreased  ERa 
as  well  as  reduced  Mdm2  protein  half-life,  co-immunoprecipitation  was  performed  to 
identify  ERa-Mdm2  interaction.  T47D  cells  were  cultured  with  or  without  1  pM  of 
fulvestrant  for  16  h  after  which  incubation  time  immunoprecipitations  were 
performed  (Fig.  6).  Fig.  6A  (upper  panel)  confirms  reduced  expression  of  ERa  as  a 
function  of  fulvestrant  treatment,  i.e.  there  was  an  84%  decrease  in  ERa  expression. 
As  expected,  Mdm2  is  present  in  both  immunoprecipitation  lanes  with  and  without 
fulvestrant  treatment  (panel  B,  lower).  Mdm2  was  also  present  in  the  input  lanes 
when  a  longer  exposure  was  done  (data  not  shown).  In  both  samples  with  and  without 
drug  treatment,  ERa  is  immunoprecipitated  with  Mdm2.  This  suggests  that  an  Mdm2- 
ERa  complex  remains  intact  with  fulvestrant  treatment  and  would  not  explain  the 
altered  Mdm2  half-life. 


Fulvestrant  enhances  the  sensitivity  of  human  breast  cancer  cells  to 
chemotherapeutic  drugs 

Inhibition  of  Mdm2  has  been  reported  to  potentiate  cytotoxic  effects  of 
chemotherapeutic  drugs  such  as  paclitaxel  (5).  Therefore,  using  MCF7  and  T47D 
breast  cancer  cell  lines,  it  was  evaluated  whether  down-regulation  of  Mdm2  by 
fulvestrant  could  enhance  the  effectiveness  of  cytotoxic  drugs  that  are  commonly 
used  for  treatment  of  breast  cancer.  Dose-response  studies  of  doxorubicin,  paclitaxel 
and  etoposide  in  combination  with  fulvestrant  were  performed,  and  the  data  were 
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analyzed  using  the  CompuSyn  software.  CompuSyn  analyses  showed  that  combined 
use  of  doxorubicin,  paclitaxel  or  etoposide  with  fulvestrant  resulted  in  different 
degrees  of  synergism  in  both  of  the  breast  cancer  cell  lines  tested  (Fig.  7A-C). 

DISCUSSION 

Because  fulvestrant  reduces  ERa  expression,  we  hypothesized  that  the  effectiveness 
of  fulvestrant  would  be  mediated  through  direct  effects  on  transcription  of  Mdm2. 
This  study  demonstrates  that  fulvestrant  possesses  a  suppressive  effect  on  Mdm2 
expression.  However,  the  effects  on  Mdm2  expression  are  exerted  through  altered 
protein  half-life  rather  than  on  estrogen-regulated  Mdm2  expression.  The  mechanism 
of  reduced  half-life  of  Mdm2  is  not  mediated  through  ERa-Mdm2  protein 
stabilization  despite  evidence  through  co-immunoprecipitation  of  protein-protein 
interaction.  We  tested  the  hypothesis  that  by  blocking  expression  of  MDM2  with 
antiestrogens,  sensitivity  to  chemotherapeutic  drugs  could  be  restored  in  ER  positive 
breast  cancer  cell  lines.  We  focused  on  the  antiestrogen  fulvestrant  since  it  is  known 
to  downregulate  ER  expression.  Our  data  demonstrate  that  fulvestrant  exerts 
synergistic  effects  in  combination  with  chemotherapeutic  drugs  in  ER  positive  human 
breast  cancer  cells. 

Numerous  studies  have  identified  associations  between  MDM2  and  ERa  expression 
in  breast  tissue  and  breast  cancer  cell  lines  (9-11).  In  vitro  data  have  demonstrated 
that  MDM2  is  an  estrogen-responsive  gene  through  action  of  activated  ERa  on  the 
estrogen  response  element  in  the  first  intron  of  (11-14).  However,  the  relevance  of 
alternative  mechanisms  of  regulation  of  ER-associated  genes  has  clinical  relevance. 
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For  instance,  Yang  et  al.  (15)  identified  a  novel  role  for  MDM2  in  regulating  cell 
adhesion  and  cell  motility  through  endosomal  targeting  of  proteins.  The  mechanism 
supports  observations  correlating  Mdm2  expression  with  breast  cancer  stage  and 
outcomes  (16-19). 

The  mechanism  of  fulvestrant  therapeutic  benefit  is  thought  to  be  due  to  classic 
reduction  in  ERa  and  its  resultant  reduction  in  estrogen-regulated  gene  expression.  As 
many  estrogen  regulated  genes  are  pro-survival,  pro-growth,  and  anti-apoptotic, 
reduced  gene  expression  could  contribute  to  the  effectiveness  of  fulvestrant. 
However,  this  study  describes  a  novel  effect  of  fulvestrant  in  altering  protein  stability. 
In  contrast  to  the  lack  of  ERa-mediated  effect  on  Mdm2  protein  half-life,  Mdm2  has 
been  demonstrated  to  regulate  ERa  turnover  through  its  ubiquitin-ligase  activity  with 
targeted  ERa  degradation  and  transactivation  (20).  This  occurs  through  direct 
interaction  with  ERa  and  p53  in  a  ternary  complex  both  in  the  absence  or  presence  of 
estrogens.  Mdm2  exerts  its  effects  both  dependent  on  and  independent  of  p53.  This 
study  demonstrates  that  fulvestrant-induced  reduction  in  ERa  and  Mdm2  may  be 
independent  of  p53  expression.  This  effect  is  supported  by  the  observation  by 
Brekman  et  al.  (13)  that  estrogen-induced  breast  cancer  cell  proliferation  required  a 
p5 3 -independent  role  of  Mdm2.  Finally,  data  from  Kim  et  al.  (21)  emphasizes  the 
importance  of  protein-protein  interactions  between  MDM2  and  ERa  leading  to 
functional  responses  where  this  interaction  results  in  enhanced  ERa-mediated  gene 
expression  and  estrogen  responsiveness. 
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This  study  demonstrates  that  fulvestrant  possesses  a  suppressive  effect  on  Mdm2 
expression  and  a  synergistic  effect  with  chemotherapeutic  drugs  in  estrogen  receptor 
positive  human  breast  cancer  cells.  Cytotoxic  drug-fulvestrant  combinations 
demonstrating  additive  or  synergistic  interactions  should  be  evaluated  in  in  vivo 
models  for  breast  cancer  to  determine  their  effectiveness.  These  results  provide  a 
rationale  and  support  for  testing  the  combination  of  fulvestrant  with  chemotherapy  as 
a  new  therapeutic  strategy  for  patients  with  advanced  breast  cancers. 
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Figure  Legends 


Fig.  1  Fulvestrant  decreases  Mdm2  protein  expression.  MCF7  (A)  and 
T47D  (B)  cells  were  cultured  in  the  presence  of  different  concentrations  of 
fulvestrant  for  66  h.  The  ER  and  Mdm2  levels  were  checked  by  Western  Blot 
and  normalized  to  the  levels  of  [3-actin.  The  decrease  in  protein  expression 
(showed  as  percentage)  after  fulvestrant  treatment  was  calculated  for  each  drug 
concentration. 


Fig.  2  Fulvestrant  abolishes  the  effect  of  estradiol  on  Mdm2  expression. 

MCF7  (A)  and  T47D  (B)  cells  were  cultured  in  the  presence  of  different 
concentrations  of  E2  for  72  h,  with  or  without  fulvestrant.  Mdm2  protein  levels 
were  measured  by  Western  Blot  and  normalized  to  the  levels  of  [3-actin. 


Fig.  3  Mdm2  depletion  by  fulvestrant  does  not  correlate  with  an  increase 
in  p53  activation.  MCF7  cells  (wild-type  for  p53)  were  cultured  in  the 
presence  of  different  concentrations  of  estradiol  (E2)  for  72  h,  with  or  without 
fulvestrant.  The  p53  (A)  and  p21  (B)  protein  levels  were  measured  by  Western 
Blot  and  normalized  to  the  levels  of  (Tact in. 


Fig.  4  Fulvestrant  does  not  reduce  Mdm2  mRNA  abundance.  MCF7  and 
T47D  cells  were  cultured  in  the  presence  of  different  concentrations  of 
fulvestrant  for  66  h  (A  and  B,  upper  panels)  or  16  h  (C  and  D,  bottom 
panels).  Mdm2  expression  was  evaluated  at  both  the  protein  and  mRNA  levels 
at  two  different  fulvestrant  incubation  times.  Protein  levels  were  assessed  by 
Western  Blot  (WB)  using  P-actin  as  the  housekeeping  gene.  The  mRNA  levels 
were  determined  by  quantitative  PCR  (qPCR)  and  the  quantification  data  were 
analyzed  following  the  standard  curve  method  using  RPL19  as  housekeeping 
gene. 
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Fig.  5  Fulvestrant  decreases  Mdm2  protein  half-life.  T47D  (A)  and  MCF7  (B) 
cells  were  cultured  with  or  without  lpM  of  fulvestrant  for  16  h.  After  drug  treatment, 
cells  were  exposed  to  cycloheximide  (CHX)  for  different  incubation  times.  Mdm2 
protein  was  measured  by  Western  Blot  and  normalized  to  the  levels  of  P-actin. 


Fig.  6  Fulvestrant  does  not  disrupt  the  ERa-Mdm2  complex.  T47D  cells  were 
cultured  with  or  without  1  pM  of  fulvestrant  for  16  h  after  which  co- 
immunoprecipitation  was  performed.  Western  Blot  was  performed  to  assess 
expression  of  Mdm2  and  ERa.  Panel  A  (upper  panel)  and  B  (lower  panel)  are  the 
same  filter  with  different  exposure  times  for  ERa:  B  was  exposed  for  a  longer  time 
than  A.  IP:  immunoprecipitation;  IN:  input;  Fulv:  fulvestrant.  A,  ERa  expression  in 
the  input  lanes  is  shown.  The  last  two  lanes  show  the  decrease  in  ERa  expression  as  a 
result  of  fulvestrant  treatment  (decrease  of  ~  84  %).  B,  Mdm2  and  ERa  expression 
are  shown. 


Fig.  7A  CompuSyn  analysis  of  fulvestrant-chemotherapeutic  drug  interaction. 

MTT  assays  were  carried  out  and  the  results  of  the  drug  combination  analysis  using 
CompuSyn  software  are  shown.  Three  different  drug  combinations  at  constant  and 
non-constant  ratios  were  assessed  for  each  cell  line:  MCF7,  T47D.  Cl:  Combination 
Index.  Cl  <  1:  synergism;  Cl  =  1:  additive  effect  (Add);  Cl  >  1:  antagonism.  The 
different  degrees  of  synergism  (green)  or  antagonism  (red)  are  shown:  slight 
synergism  (Syn-),  moderate  syenrgism  (Syn*),  synergism  (Syn**),  strong  synergism 
(Syn***),  very  strong  synergism  (Syn****),  slight  antagonism  (Ant-),  moderate 
antagonism  (Ant*),  antagonism  (Ant**),  strong  antagonism  (Ant***)  and  very  strong 
antagonism  (Ant****).  Isobolograms  from  three  different  drug  combinations  for 
doxorubicin,  paclitaxel,  and  etoposide  at  two  different  constant  ratios  were  assessed 
for  each  cell  line  and  were  used  to  calculate  Cl  (Fig.  7B).  In  Fig.  7C,  the  same 
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analysis  as  for  Fig.  7B  was  carried  out  for  a  second  experiment  where  the  same  doses 
were  used  for  both  cell  lines. 
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SUPPORTING  DATA 


Table  1-  Demographics  of  Study  Cohort  at  The  Cancer  Institute  of  New  Jersey. 


Race 

Number  of  patients 

%  of  patients 

African  American 

204 

5.9 

Asian 

142 

4.1 

Caucasian 

2676 

77.3 

Hispanic 

204 

5.9 

Other 

235 

6.8 

Tumor  Type 

%  of  patients 

Colloid/Mucinous 

1.3 

DCIS 

9.8 

Invasive  Ductal 

74.5 

Invasive  Lobular 

9.9 

Medullary 

0.6 

Metaplastic 

0.4 

Other 

3.4 

Unknown 

n/a 

ER  Status 

%  of  Patients 

Positive 

74.9 

Negative 

25.1 

PR  Status 

%  of  Patients 

Positive 

63.9 

Negative 

36.2 

Her2/Neu  Status 

%  of  Patients 

Not  amplified  or  0-2+  IHC 

79.9 

Amplified  or  3+  IHC 

20.1 

(all  2+  by  IHC  were  reflexed  for  FISH) 

Stage 

%  of  patients 

0 

9.3 

1 

34.6 

1 1 A 

12.5 

MB 

12.5 

IIIA 

7.0 

NIB 

2.5 

NIC 

2.0 

IV 

4 

Unknown 

15.6 

Tumor 

%  of  Patients 

TO 

5.2 

T 1 

46.3 

T2 

24.7 

T3 

6.5 

T4 


4.6 


Node  status 

NO 

47.6 

N1 

32.5 

N2 

3.7 

N3 

0.2 

Metastatic  Status 

MO 

86 

Ml 

4 

Recurrence  Status 

%  of  patients 

Yes 

20.3 

No 

79.7 

(excludes  stage  IV  at  diagnosis) 

Table  2.  Time  to  recurrence  of  breast  cancer  from  date  of  initial 
biopsy-proven  disease. 

Year(s)  to 

recurrence 

n 

%  of  all  recurrences 

1 

14 

0.080 

2 

38 

0.216 

3 

28 

0.159 

4 

22 

0.125 

5 

21 

0.119 

6 

10 

0.057 

7 

5 

0.028 

8-10 

18 

0.102 

>10 

20 

0.114 

unknown 

16 

Table  3.  Distribution  of  the  adjuvant  therapy  received  by 
breast  cancer  patients  in  this  cohort. 

Patients  Receiving  Each 
Treatment 

No  (%) 

Yes  (%) 

Radiation 

22.9 

77.1 

Chemotherapy 

33.0 

67.0 

Hormonal  therapy 

27.7 

72.3 

Trastuzumab 

87.9 

12.1 

Table  4.  Rates  of  breast  cancer  recurrence  as  a  function  of  hormone 
receptor  status  and  use  of  adjuvant  hormone  therapy. 

ER-/no  hormone  therapy 

ER+/hormone  therapy 

No  recurrence 

Recurrence 

No  Recurrence 

Recurrence 

TT 

49  (0.34) 

21  (0.34) 

170  (0.36) 

33  (0.32) 

TG 

73  (0.50) 

29  (0.47) 

221  (0.47) 

51  (0.50) 

GG 

24  (0.16) 

12  (0.19) 

76  (0.16) 

18  (0.18) 

Table  5.  Rate  of  breast  cancer  recurrence  in  ER+  and  ER-  disease  by 
MDM2  SNP309  genotype  and  use  of  adjuvant  hormone  therapy. 

ER-/no  hormone  therapy 

ER+/hormone  therapy 

No  recurrence 

Recurrence 

No  Recurrence 

Recurrence 

TT 

39  (0.31) 

11  (0.31) 

141  (0.37) 

19(0.31) 

TG 

65  (0.52) 

17  (0.49) 

171  (0.45) 

33  (0.53) 

GG 

21  (0.17) 

7  (0.20) 

65  (0.17) 

10(0.16) 
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Figure  1 .  Western  blot  demonstrates  mdm2  protein  expression  in  three  ER+  breast  cancer  cells  lines 
representing  the  three  SNP309  genotypes:  ZR75-1  (TT),  T47D  (GG),  MCF7  (TG).  Cells  were  grown 
under  different  conditions:  phenol-free,  charcoal  stripped  media  (PF),  normal  media  (N),  estradiol  (E2), 
Tamoxifen  (T),  or  genistein  (G). 
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Figiue  2.  Chromatin  immunoprecipitation  using  anti-ERalpha  antibody  with  PCR  of  the  mdm2 
P2  promoter  region  was  performed  in  the  three  ER+  breast  cancer  cell  lines  representing  each  of 
the  three  MDM2  genotypes. 


